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PREFACE 


This book is written as a sequel to the author’s elementary book on 
“Steam.” It was prepared in the first instance as notes for the 
second-year engineering students in this college, and deals, in as simple 
a form as possible, with those branches of the subject which are of 
fundamental importance to a sound knowledge of steam-engine design 
and management. 

Modern students of steam engineering have a great advantage over 
their predecessors, in possessing such a wealth of recorded practical 
experience as appears in the Proceedings of the Engineering Institu- 
tions, as well as in the Technical Journals, and the writer has to express 
his personal indebtedness to all these sources of information in the 
preparation of this book. The assistance received is acknowledged, as 
far as possible, throughout. 

Special attention has been given to the subject of the heat quantities 
involved in the generation and use of steam. For this purpose the 
temperature-entropy diagram has been used, and its applications in the 
solution of a number of ordinary everyday problems exemplified. 

In this connection, as well as for many beautiful graphical methods 
of illustration now employed by engineers, students and teachers of 
the subject are greatly indebted to the work of Mr. J. Macfarlane Gray, 
Oapt. H. Riall Sankey, the late P. W. WHlans, and many others. The 
writer desires to express his personal indebtedness to Capt. Sankey for 
his kindness in supplying him with copies of his temperature -entiopy 
chart, which appears for the first time, as Plate I. of this book. This 
chart has gone through an interesting process of evolution since the 
occasion when Mr. J. Macfarlane Gray read his paper at the Paris 
meeting of the Institution of Mechanical Engineers in July, 1889, 
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PREFACE. 


On the Eationalization of Eegnault’s Steam Experiments,” describing 
and explaining the use of the steam and water lines of the temperature- 
entropy chart. Since that time Capt. Sankey has added lines of 
constant pressure, and constant volume in 1892 ; and more recently 
also the scales of total heat and internal energy, as well as the chart 
for the superheated-steam field. All these additions now appear upon 
the chart as shown in Plate I. of this book. 

Other subjects dealt with include the compound engine, superheated 
steam, and superheaters, the use of high steam-pressures, valve gears, 
steam-engine governors, flywheels, and other engine details. There 
are also chapters on the balancing of engines, and steam-engine per- 
formance, embodying the most recent results obtained from all classes 
of engines ; and on modern steam-engine design, including the Corliss 
mill engine, the modern quick- revolution engine, the marine engine, 
and the locomotive. 

The author here desires to express his acknowledgments to Mr. T. 
Scott Eling for the valuable original designs, both of engine details 
and complete engines, which he has prepared for the author specially 
for this book ; also to Mr. J. W. Kershaw, M.Sc., for much valuable 
help, and to Mr. F. Boulden for kindly reading the proof-sheets. 

W. RIPPER. 


University College, Sheffield, 
November, 1899 



PREFACE TO THE FOURTH EDITION 


In the present edition a new chapter is added on the Steam Turbine, 
and a very full series of Questions with Answers has been appended, 
which covers the requirements of the various public examinations on 
Steam, including the examinations of the Institution of Civil Engineers, 
the Universities, and the Board of Education, Honours Stages. 


W. RIPPER. 


The University, Sheffield, 
Septemher, 1905. 


SIXTH EDITION 


Considerable additions have been made to the chapter on the Steam 
Turbine. The Total Heat-entropy Chart introduced by Dr. Mollier 
has also been added, and its application to various practical problems 
in Steam Turbine work has been explained and illustrated. 

The author is indebted to the British Westinghouse Co., the 
Brush Electrical Engineering Co, and Messrs. G. and J. Meir for 
kindly supplying diagrams, and to Mr. J. W. Kershaw, M.Sc. B.Eng., 
for much valuable assistance. 

April 1912. 


SEVENTH EDITION 


Experience of the requirements of students preparing for University 
and other examinations in Steam Engineering has suggested the 
addition to this new edition of much valuable matter to the Questions 
at the end of the book, which it is believed will be of great service to 
the private student. The additions consist of a large number of fully 
worked-out typical examples, carefully classified, and fairly fully 
covering the field of the subject required of the student by the 


Professional Institutions, 


W, RIPPER, 


University op Sheppibld, 
July, 1914, 
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STEAiM-KNGINE TI I liORY 


AND PRACTICI 


fXTRODrCTOUV, 


J)KFIMT/OXS AXJ) VXirs. 

Work in m ilu' itvi'rtniiianjt' <if a tlinmgli ii apmm 

hy th<^ api^ic-atitiii of* a fums ntid tht* aiitMunt ni work (l*j ia 

tnraHurtHl l»y tht^ vmmUmvt^ I It) or tlio foroi* (K| ta iaiilf 

by ilia (S) In IihA wbirh ibr vtmHimu'r D uvort'oinr' 

or through wliirh ilu* Unw fM*ti4 ; and tho |»r<#<Nu*t in giv-m iii 

|HmuclH, tliuK : 

I? .v"’ HS ;* ■ IsS fiwitdbis, 

Tht^ unit of work w tho h«»tjiou!id, or tho Work dono by a forr*o of 

ouo |Hnmd iwt iug through I hr .Hparr of our |’<«4, 

Thr unit of w’ork in uirtrif uiui-i in tJu* w'ork door by flio forr** of 
our kilograuiUio artiug through tho nparo of oar luolri^ v om* 
kilograiiuruitro ; , 

I Idlogrimiuiotro foot Jlw. 

Whi*ri ilio inoiiou inkon plaro n»utid a tixi'd axta, iifi lit viim* uf « 
crank, ihiui tiio uiraii ri*HiHt4Uu*o (It) imdti|ilii*d by hparo Irirvi''riir4 
{2wr foot |,mr revolution) given tho work done, and ■- > 

t' 2^rlt |H*r rovtiiulitin. 

When work in d<uii* by pre:4Huro tt|Hin a moving hihIoii, iw in Hlimiii* 
engiiioM, it m nnuanured by tho pnahn’t ttf tlm itnniit prrm'^un* |# |«*r 
wfuaro inch, the art^a tf the piston A in mitiare imdies, and the liuigi!i 
of strokes tf the piatoti H in ft‘et ; then--» 

pAH hmtdlm. |a*r stroke 

or, if A r^xpreHstat in ai|uare fec^t, then the pressure jwr «|iiiirrt foot 
J* - |) X M4, and — 

IT ^ p X M4 X A X H 

But A X H S 2 ¥ £= vedumt^ cf |iiston displaeement in eiibie fi*et 
A V - p X 144 X V ^ RV 

and if area of piston he I «ip ft., then V In ewblt* feet mdll 1# 
nuimuicallj equiif to the lengtli of stroke of the |uaioii In 
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Work represented by an Area. — Since work is expressed as a product 
of two numbers, it may therefore be represented by the area of a plane 
figure; thus the work done on the piston of the steam-engine is 
represented by an area drawn by an ‘‘indicator/^ the length of the 
diagram corresponding with the length of stroke of the piston to a- 
reduced scale, and the mean height of the diagram giving the mean 
pressure on the piston throughout the stroke. 

Efficiency. — The total amount of energy received by an engine or 
machine of any kind is either used in the doing of useful worh or is 
wasted, and — 

energy received = useful work + lost work 

_ , useful work done 

efficiency = — -i ; — 

/ total energy received 

Power is defined as the ‘‘rate of expenditure of energy,” or the 
amount of work performed in a unit of time — 


power = pounds x feet minutes 

The Horse-power. — The unit of power used by British engineers 
is the “horse-power,” which is equivalent to the performance of 
33,000 foot-lbs. of work per minute ; or 33,000 60 = 550 foot-lbs. 

per second; or 33,000.x 60 = 1,980,000 foot-lbs. per hour. In heat- 
units the horse-power = 33,000 -i-778 = 42*42 B.T.TJ. (British ther- 
mal units) per minute, or = 42*42 x 60 = 2545 B.T.TJ. per hour. 

The French horse-power (cheval) is 75 kilogrammetres per second 
= 75 X 7*233 foot-lbs. = 542*5 foot-lbs. per second, or rather less 
than the British horse-power. 

1 horse-power = 1*0139 cheval 

1 lb. per horse-power = 0*447 kilogramme per cheval 
1 kilogramme per cheval = 2*235 lbs. per horse-power. 

Indicated Horse-power is the work done by the steam in the 
cylinder as obtained by the aid of the indicator, and expressed in 
horse-power units. This power includes, of course, that necessary 
to drive the engine against external resistance, and that used to 
overcome the frictional resistance of the engine itself. 

^ ^ ^ units of work done per minute _ PLAN 
I.H.P. = gpoQ - ^3^^ 

where P = mean effective pressure in pounds per square inch on piston. 

A = effective area of piston in square inches. 

= (diameter of cylinder in inches)^ X 0*7854 less area 
of piston-rod. 

L = length of stroke in feet, or distance travelled by piston 
from end to end of cylinder. 

N = number of strokes per minute, or ) for double-acting 
= number of revolutions X 2 J engines. 

= number of revolutions, for single-acting engines. 

= number of impulses per minute, for gas-engines. 

Example 1. — Find the indicated horse-power of an engine witli 
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a t'jliiular 12 in. cliainoim’, of niroko IH in., miinlM»r of 

rovoIutioiiH pen* iniuutt^ 90, nmm oUoctivo prctHHiin* pt»r Hi|tiftr«* int'li 
on pinton 40 ll)H. 


Thi‘n LILF. 


PLAN 

3.4,000 

fP X A) 1I)H. X (L X N") ft. por mill. 

33,000 

(40 X 12 X i 2 X 0-7H54) lbs. x ( i *3 x W x 2 ift , por unu, 

33,000 

4o20 llm. X 270 ft. por inin. 

33,000 

37 n<*ariy 


ExAMPLt* 2.— An ffigiui' in rnqiarfil to intlii’af** 37 hnrHi*»prnv4tr 
with a ninan t'OtH'tivf* pr«*aHurt^ <»n piston of 40 Iba. por aipiart^ iiioh* 
Inngih of stroko IH in,, numbor i»f rmiihitionH p(*r iihnutf 90: linil 
thn {Harnntor of tho <*vlin{i«‘r. 

First fmd thii arm front tho formula - 


LILR 


A 


iO.AN 

33,000 

33,000 IJI.P. 

P X L X N 
33,OtHf X 37 
It) X I’h X 90 X 2 


A, or ar(*a of piston, 113 s«p in. 
kVorii which tho diiairntm* may ho nbtainiHl thus : 


I)iam*44*r = \ 


area ^ 

o-THr. t “ \ 


li:i 

(I'THri-i 


^'1 11 12 in. 


Brake Horse-power ropmstmts the fwiwor which tlm oitginp 

iH i-apahlo t)f iraimmitiing for tho purpitst*H of iisid’iil w'ork, tfiiit is, tin* 
total |K»wcr by the -Htmiii in the eylinder lean tlie power iibHorlieil 

in driving the engim^ itself. 

Tins powiuMH ineaHureih exeept wliert^ the engines are too liirge-™ ■ 
by meaiiH of a brake tlyniaiioinet^^r. 


B.ILP. 

"LILP. 


mechanical edlcieney of engine 


The eflieieiiey of a whole miwdiiiie h the protliict of the efliciei'icits4 of 
its 8e,veral piirta. 

Practical lleetrical Units— 

Amperes = tfie unit of strength of currimt, or rate of ilow^ 

Volt = the unit of <*hH4i*o-inotivo force*. 

Ohm = the unit of r«*Htstiuiee. 

Ckmlomb = (am|H*re-«ecori<I) ss- the unit of quantity, 
i watt = i aiiijMTe X 1 volt = the unit of jsiwer. 
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1 watt = 0*7373 foot-lbs.'per second 

= 0*0009477 heat-units per second (Fahr.) 

=r horse-power. 

1 kilowatt, or 1000 watts, = 0*9477 heat-units per second 
= 1*3405 horse-power. 

1 horse-power = 746 watts = 746 volt-amperes. 

T olts X ampferes ^ horse-power. 

746 

1 electrical unit = 1000 watt-hours. 

Other Useful Constants — 

1 cub- ft. of water weighs 62*3 lbs. 

1 gallon = 0*1605 cub. ft. = 10 lbs. of water at 62^^ F. 

A column- of water 2*3 ft. high corresponds to a pressure of 
1 lb. per sq. in. 

1 knot = 6080 feet per hour. 

1 inch = 25*4 millimetres. 

1 metre = 39*37 inches. 

1 cubic metre = 35*32 cubic feet. 

1 kilogramme = 2*2 lbs. 

1 lb. = 7000 grains = 453*6 grammes. 

1 lb. per sq. in. = 0*0703 kilogramme per sq. cm. 

1 kilo, per sq. cm. = 14*223 lbs. per sq. in. 

1 lb. of air at (f 0. «and at atmospheric pressure = 12*387 
cub, ft. 

1 cub. ft. of air at 0° 0. and at atmospheric pressure weighs 
0*0807 lb. 
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THKRMi )/> 1 / J//( -.v OF (F tSFX 

Heat.— Ili'jif. iH a form of iimlci ular ftUTjfV, iuh! if lujiv }«• 
into iiHM-hatiical work l.y tacauH of tho rliiu.K.. .,f u.imii.* w|ii. h it 
I>r<H uct'H ill ImhIi.-s Uficd tijMut hy it. 'Dio m.ifiinii iJir.iiit;li 
work m (lono l.y th.. afliou of U.m i,„,y U, 

and Iho Hat tiro of tho KutiNfaiico iiNni iw a tjtiohl ioii of t idal ivo 
ft.iivtiiiH.nfo or .Hiiital.ility. ’Dihh, if an iron l«ir U* li.-alwl, iho lair 
oxjiaiida, and if .soimt form of rosiataiion Im. ititori«wf'ii !•. iiji oxiMiiaion, 
thon tho work dorm in ovt.rfoniin); tho rl•«i«^^lnl'^• (J U y ,H, wlinn* 
II may rcjinwoni an tmormoim for.c, and S a vory ouit o. 

On Uioothor hand, if a unn 1 ... nH...I aa th.- "working Il.ii,|.‘ and U. 
imatwi in a .lowl i-yiindor ladiind a m..vnl,!,. i.i.ion, tli.ii fh.. work 
dono ny tlm heat thi-on^h tin* oxjmn.linK K»»t I’ U y S. h« l»-foi., 
Whom tho rtwwtan,-,, ,n ,„m|.ara(ivoly Mtoall. and tho Mtam JS ,n,a„| 
tartmgh hy thi» luMtiHt in liirnis 

I'/iiKinoora ^onorally utilizo tho mnallor foroon aotioK fhroiiuli hirif« 
dintaiuoK' " ^ im«iann>{oaldy larjjo foroon ai f inj^ thr«*U|{h aiiw!} 

If a tirmntity of hoat (Q) J„. „j.,,liod to unit woiKht of any auUlan.,, 
It inomaatw tho onor-Ky mntaino.1 in tho Huhalan.o. a,„| ii»'o)|;,-i 4 ,„«y 

'X'-T t ^ “ miK..H(ho tomj«.r«i„ro of ih., 

IxKiy . that w. It. inormwoM tho i-ato of inolootilar vihration, 'n,.- h.-af 
unitH involvoil m raiHinx tho toni|«TatHri> s- H. (:*i If ij,,. 

H,dy to oxpand aKaiiiHt it« <iwn intoriial roaiatanooa . that i., ,» 
rtioroaHOH tho rango of inolmular vibration, 'Dio boat m, otit»oohd 

woik, L, by ovorttoming oxtornal roHiaiam-o lo osiwiwion. 

Thon Q H f. /, . 4 , K 

Hi th« iMwo of tim Konoration of atoam from waior, iho itHornal 
work/. >8 larpi ami tho oxb'i-nnl work K w amall. h, tho oawo „f « 

|>« 5 rfcic?t giw^ thii mkiriiiil work l» nothing, 

unit of H6Et*“-*-Tli# Brifciilt tini#' f II T I I Hi 1 

f, r.i„ , p„„. ,', 1 ;;.;,™;, 

I B, r. IT, » 0*2*1 mil if ii» 

I rrafK!h tminrin s Ti-Ofig ||,T,lf, 


Specific Hwt- When twiual weight* of tlifforont imlwtanr 


iirp 
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through an equal range of temperature, the quantities of heat involved 
are not the same in each case, but vary in accordance with the thernaa;! 
capacity of the substances. Thus, if an iron vessel weighing 62*5 IbS- 
contain a cubic foot of water also weighing 62*5 lbs., then, thou^b^ 
both iron and water are at the same temperature, and are equal 
weight, they do not contain the same quantity of heat. As a matter of 
fact, the water contains about eight times the heat contained by the iron- 
The relative thermal capacity, or the specific heat,” of substances 
is defined as the amount of heat necessary to raise unit weight of the 
substance one degree measured at the standard temperature. A more 
correct term than “ specific heat ” would be “ coefficient of therma/l 
capacity.” 

Table op Specific Heats. 


Water 

Glass 

Cast iron ... 
Wrought iron 
Steel (hard) 
Copper ... 
Mercury ... 





Constant p. 

Constant 



... rooo 

Air 

0*237 

.. 0*169 



... 0*194 

Oxygen 

0*217 

. 0*155 



... 0*130 

Hydrogen 

3*410 

.. 2*412 



... 0*114 1 

Nitrogen 

0*244 

.. 0*173 



... 0*117 1 

Superheated steam 

0*480 

.. 0*346 

... 


... 0*100 
... 0*033 

Carbonic acid . . . 

0*217 . 

.. 0*153 


The specific heat of gases increases as the temperature increases. 

Temperature. — Temperature is that quality of bodies which deter- 
mines the intensity of the heat-energy contained by them. If two 
bodies of difierent temperature be placed near each other, heat tends 
to pass from the hotter to the colder till they both reach the same 
temperature. 

Temperature difierence is that which determines the transfer of 
heat from body to body, and the greater the difierence of temperature 
the more rapidly the heat flows. 

Difierence of temperature is what renders heat-energy available for 
the performance of mechanical work, and the greater the difierence 
or range of temperature the greater the possible efficiency of the heat. 
The heat contained by a body at the ordinary temperature of the sur- 
rounding bodies is not available for the performance of mechanical work. 

The potential energy of high temperature may be compared to the 
potential energy due to a head of water. Thus, water falling from a 
height h and acting on a turbine, loses potential energy, which is 
converted into mechanical work at the turbine. The water loses 
potential energy, but not weight, for the same weight of water passes 
away as entered the turbine. So also, in the case of a steam-engine, 
the steam supplied to the engine loses heat-energy, but not weight. 
The same weight of steam passes away as entered the engine, but the 
heat-energy which leaves the engine is less than that which entered 
it by the amount which has disappeared by transmutation of heat into 
work. 

Heat supplied = useful work + heat rejected 

Pirst Law of Thermodynainics. — The following statement is known 
as the First Law of Thermodynamics: '^Heat and mechanical energy 


/I//‘:KM(U>y,VAM7CS OF GASES. 
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as 

’s eqiiiva- 


Ai‘<* iniit ii.'illv «*onu‘raUIi‘, aiul hcai n*(|uiivH for its prochiction, and 
|inuhu*(‘s by* its <iisap|u‘araiict% a dt^fniiU^ numhor of units of work for 
oat-h thrrina! unit." 

The vaiu«‘ A tlio UHH‘hani<-al (Hpnvalt^nt of the thermal unit 
d(*t(‘riniiu*d !)V Jmile was 772 fia)t~lhs., soim‘timt^s called Joule’s 
l(ait, anti written . 

Iieeent in vest inns, by Ihiwland and many .others, as to the exact 
vahie of •! have h‘il t«» tho eonehision that 77H is a more nearly correct 
\ahn‘ for the merhaniral ts univalent, and this value will be used 
throiii^hout . 

lluis I ioT. lb 77f^ fooi-41)s. J 

Second Law of ThttnnodynainicB. Heat cannot pass from a 
(’oltl boilv t<» a hot ono by a pnndy self-acMin^ pnxa^ss” (Clausius). 
'Iliat is to sav, boat flows from hot to hut not in the reverse 

direct ion, and* it in imptisNilde, liavinj^ om*«‘ }KTinitt(‘.d a fall of tern- 
pt‘ra,ttire, as fnan tin* l^oiior fiu’naee to the wat.iu* in t.h(^ boiha', or from 
the boiler to tlw ettiideuMa’, to rendt*r tint h(*at availabh*. for w'ork by 

an attempt to return the lieat by a selLartinji^ proe(‘.ss in the opposit(‘. 

diri'etion. , , t r i 

It folhjw.s from thi > law that m» heat~(‘n^in(^ (‘an convert the whole 

(»f th<‘ heat ;sup]i!iod ti» it into work, hut, that, as sooii as the t(im- 
ptu’atun* of the avld«‘d imni has fallen to that of tlu^ surrounding 
atmosplicre, thr heat rmuaiiiiug is U(» lon<.C<u* availabhi for doing 


r\ ' ^ 

1’( b<‘ the hight‘st ahsolute ternpei'aturo 


useful work. Also tliat it . .. 7 . 

availahle iind T. tiir lovviv.t ali.solute t (‘mp(‘ratun^ available, it is 
hn*|.oksibh‘ to olitaiu a ‘4roat(‘r etlieieuey than is rc^pn^sented by the 

fraction ^*7.' ^ , wiuite\er the naturo of the. working Iluid. The 

1 { 

truth <if (luv'ic .'.tiHi'iii.'ii!:'. will Itf illustralcd la(.<T. 

Effect of Hnat upon GaHtm. In onhT to undorstand inon! oloarly the 
priticiiilfs involvoil in tU<* t r.ui.sfunaatiim of heat, into work hy steam, 
it will hr hrli.ful to .■oii .idor lir.->t thi' .siiii|ilfr <-as<, of the. actum of heat 
upon air, whi. h ! • ..d-ieet approvimalely to very ,simi,l(^ laws, and which 
l.aw.s it, in as'inined, would he ali.solufely ohey(,d hy a pm-feet ffis. 


Tlic protitiei ef the pn*ssur(‘. 


II ouuatant (|uantity when 


V 

the 


Boyle’s Law. 

a. p(*rf(s’t gas ii^ 
e(mst.ant=. 

PV , eonstani I at const. h‘onp.} wlmre 
P -- |»n‘ssur(', |.H‘r ^’Xiuare ffK»t, and V — 
volume in cubic feet. 

constantH for uuuous gases hav(*. 
been d»‘t.ermined with great neeuraiy hj 

K(‘gnault. 1,1 

Hie value of P,,V. may b«^ eahndated 

thus: if the vohutH* V,^ ot I Ih. oi 
:I2'" Fahr. and at litiiio'ipherie pn'ssure (/hU 
mm.) be 12 2^7 i‘uh. ft. per ptmnd 

p^^V,* rr constant’ 

14*7 X M l X 12 ;1h7 ^ 2r»,22() footdb.s. 


and th(i volume V of 
t(unperaturo remains 
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If a number of rectangles of equal areas PoV^, Pi'V'i, PaVs 
then the line joining the points a, h, c is an isothermal liii-^ 
constant temperature. Here P varies inversely as Y, thuS-^ 

PY = constant 
2P X iY =r 

3P X iY = „ etc. 

Law of Charles.—XJnder constant pressure, equal ^ 
different gases expand equally for the same incremeU 
perature, and the volume changes proportionally to th' 
temperature. 

The product PqYq being given for a gas at Tq, or 32° Pahr 
value of the constant for any new PY due to change of to: 
being proportional to the absolute temperature, may be foun-' 

PlVi =: PoV„^ 

But PoVo = 26.220“ and To = 32 + 46l = 493 
T, 26220 

PiVi = 26,220 Y = - 493 - = 53-2Ti nearly 

This equation for a perfect gas is written PY = RT, who: 
constant depending on the density of the gas. For air the 
E.= 53*2. 

Absolute Temperature. — It is found by experiment that 
is heated or cooled under constant pressure, its volume in 
decreases in such a way that if the volume of the gas at 
point of water be 1 cub. ft., then its volume, when heat< 
boiling-point of water, will have expanded to 1*3654 cub. ft. 

Or, inversely, if the volume remain constant, and the 
exerted by the gas at freezing-point = 1 atmosphere, then the 
at boiling-point of water = 1*3654 atmospheres. 

These results may be set out* in the form of a diagram 
Thus, draw a vertical line to represent temperatures to any s 
mark on it points representing the freezing-point and boiling 
water — marked 32° and 212® respectively. From 32° set out, 
angles to the line of temperature, a line of pressure ah = 
sphere to any scale, and at 212° a line cd =^1*3654 atmospher 
same scale. Join the extremities dh of these lines, and coni 
line to intersect the line of temperatures. 

It is assumed by physicists that, since the pressures vary : 
per degree of change of temperature between certain limit 
the range of experiment, they vary also at the same rate bey< 
range, and, tlierefore, that the point of intersection of the 
line dh produced gives the point at which the pressure is re* 
zero. 

So long as the gas exerts any pressure, it is presumed to 63 
pressure by virtue of the heat-energy contained in it ; th 
therefore, of zero pressure fe reckoned as the point of zero tem 
on the absolute scale. Then — 
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iHi 4- r #wi : : i*,ir»r»4 : I 

<11* iitt — Il)2*0 

that i.s, iha 7 . 4 *n> <if ahsoluta m l.« 4 **w tin* 

IHiint at wat<*r, <ir -IHli’ri ■— M2 7 «t** Falirtailunt. Calliiin 

thin 4 lil, aral writinjj^ T tnr t«ait|M*mfiirf^ 
ahH<i!utt% iiiid / ftir tc»inpt*rat:Urti by tiVtVt 
I mrj Kt’ait\ th<*n - ^ 

'r 4Gl -f i Fn.hr<*ii!»*it ! \ 

or, T ' 27 M -f M *t*ati‘^rft.do t ^ 

AIho, it i*j arai \\ In* th<* proHHuro and | i 

viilumi* of n i*^iH at absolutr trnijM'rainro 
Tj, tJiiai nl <*<inMtant. volmno aial t-han^i* 
of almoltdo t«*inpe‘rat'ur<* to 'r,, it.H |»ri*Hmu-o ’[ j 

, j ^r.. . I } 

== i. j X f|t' ; or it.H voluoM* at roiiHtartt J j 

1 ’. * I 

proHHuro at tiHniMa'aturi^ T, V, X j I 

Internal or Intrinsic Eneri^y (Jonlo’a ’ | 

Law). Wlionai'aai^KiiiUKiH witliout iloioK ] I 


oxtornal work, its toin|Hn*aturo r«*i{iaiii?^ } 

unrhnn)*tHi. * i 

Thin law vvaa arriv<nl at by Joulo in j. 
iho foil* »wirt| 4 : way r-™.' * ^ 

Twa> 4!0|i|M*r v<*hhi4h, A anil H, worn 
t*«»rinootttil l»y a iubo aa ahow'u. Uno **■ 


voH«i| wiw by art lyr-jHiinp m* m to |iri*<ltir«i m iioariv 

iw iKWiildo a varuuni, ami tho otJior wiw filloil miib «‘*,|||. 

proMotl air, at a promuro of 22 atinoKpiioroM. llio llini 

iniiiiorKeal in waior. 

Wlion tlto sto|K*tH*k waM inrnial, tho <’owi|4r»^?’m*it air iii A riii%liwi 
into tho oni|.»ty vmm4 II. 1‘ho UnninnmUm* of tho wntor ?oir roll tit bug 

ilio voshoIh wii« tiikon, In^foro anil aftor, with , 

a vory ch^lioato tlionnoiiHdor, Imt no appro 

oiablo ohf«i|i(o wm iiotcab Wliori tlio vomol-a \ ^ ' * ,, ■ 

worn iinftior«i'*il in nt'imrui*^ %‘OHmilH of wiitor, ^ ^ f /I * ^ 

it was fotuKl t.liat whon tlio ato|it‘iR’k wiia I ..^i i | , 

o|MJnoci and tht^ giw rushi^l from A» tho w*ator I I I 

surrounding it foil in toniporaturo, whilo tho I | ! ■ 

wntor sitrmiindifig B at tho mino timo iir ^ 

onmMod in tonii'MTaturo and hy tho aanto 

amount. Tim stUding tho ntaii« of air in *'^**^* 

motion iibwirlicHl lumt from tlm nno voswd. wliirh wm ri-sioroil iigaiii 
in tliii otlior vm»d whon tho motion wm dontroywl. 11io ind, ri'iiiili. 
wiw that thftro wm no idnirigo in tho timija^rattiro of tho giw. 11io 
tfunporaturo of n giw m m mmimm* of its ink^rniil or iitfiiniio iutor«%% 
and in tliti aiMivo ox|.HTimtuit, ahum thorn wm no Imu of loitt|MVii.!iirf^ 
tliori! wiii no l«,w« of iiitoriial oiwrgy. 

From thii iimy bo dodueod iiliir--- 
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1. That the heat or intrinsic energy of a gas may be converted 
into the kinetic energy of molecules in motion, with corresponding 
loss of temperature, as when the gas cooled on rushing from A. 

2. That the kinetic energy in the moving molecules of a gas will 
reappear as heat if the moving mass is brought to rest, as when the 
temperature increased in the vessel B. 

Specific Heat of G-ases (Regnault’s Law). — The specific heat is 
the amount of heat in thermal units required to raise unit weight of 
the gas through 1° Fahr. The specific heat of a substance varies 
according to the conditions under which the substance is heated. 
Thus, if heat be applied to 1 lb. of gas in a closed vessel, the gas is 
said to be heated at constant volume^ and the heat required to raise its 
temperature one degree is written which stands for specific heat 
of gas at constant volume in thermal units; X 778 = or the 
specific heat at constant volume expressed in foot-pounds. 

When the same weight of gas is heated in a cylinder having a 
movable piston under a constant external pressure, if the tempera- 
ture be raised one degree as before, the volume increases, and there- 
fore worTc is done in pushing the piston out against the external 
pressure, as, for example, that of the atmosphere. 

This is heating under constant pressure. The heat-units required to 
raise the temperature one degree under constant pressure is written 
Cj,, and ib is greater than C^, owing to the extra heat required to do 
the work of moving the piston against external resistance, in addition 
to raising the temperature of the gas ; and X 778 = = specific 

heat at constant pressure in foot-pounds. By the measurements 
of Regnault, the value of C,, for air = 0T691 thermal unit = 131 ’6 
• foot-lbs. = K„. The value of for air = 0*2375 thermal unit = 184*8 
foot-lbs. = Kp, 

The efifects of heating a gas under constant volume or constant 
pressure may be represented by diagrams as follows : — 

Take a point a between the axes of pressure and volume, so that 
OP is its pressure and OV its volume for 1 lb. of gas. Apply heat to 



it when the piston is prevented from moving ; then the pressure will 
rise, as shown by the vertical lii^e ah (Fig. 4), and its temperature 
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Tf 


will riHt% as shown hy iiitemwt ion <»f ihn lint* ah with iHoiht^nnalH 
of higlH‘r ioiti|H*nituro. 

II(‘rn thti wlnth* t»f tfio h<‘at-on<*rgy appHt*(l lias litHni ahsorhod in 
raising tlu^ tomponiitiro of tho 1 To. t»f gas. Ni^ oxiornal wttrk has 
lM‘t‘n flono, work hoing luoasiUHal hy tho product P( V — Vj), and horn 
(V«V,) = 0. 

Tha haat ahHorhinl K,.(T'i "" foot-il>s, par ptamtl, anti this 
rapn*H<*ntH tha irianmHt* of intarnal anargy p(*r |Mnmd. 

If nt»w tlia htait hi* appliatl to tha gas ant-lontMl in a aylindar niuha’ 
a mtivabla pintoig tha axttnnial praasura hoing aonstant, th<‘ haat 
abHorlHal will not only raina tha tainpin'atura tif tha gas from d’j to 
as bafora, Imt will do work in moving tha piston .from V to V, against 
axt c*rnal nmistam*!* P t Fig. 5). 

d'han thi^ lina ah will raprissani tha lina of mmstant? prassnra, 
aiul tha aroHS linad iiraa work <lona : P{t>V, — OV). d'ha haat 
almorliad - i)V} bwitdlis. par ptmml. 

'rh<* ttdai haiit t*Kpt^nilatl par poimtl undar lhasa aonditions is a«(mil 
to tha ntimbar of th^graas risa of tmnparatura midtipliad by tha spaaitia 
haat at aonstaat prasstira — 1Vb And (tha total haat 

ax|Mmdati) — (haat axpamlaii in axtarnal work) haat axpamlad in 
intarnal work ; ttr siuaa P(t)Vj — OV) H(d\ 1’,) 

K/r, -- T,) M(T, ^ T,) (K, ^ K){T, ^ T,) 

Bui haat axpamlatl in itdarnal work par |H»unti and par tiagraa rlsa 
of tamparaiura is aipial to tha spaaifh* haat at aonsiani vohima 

K, 

H K,, - K, 

tliai is, It sr ilia diflaranaa bt^iwaan iha two spaaitiit ht*ai« axprc*Hsi*d 
in fiKii-'poumls. 

ratio of iht^ sjMHdfia haat. at aonstant prasHUn^ to t ha s|iaaifii* 
liaat at aonstant voluma is mtU’h usad in tharmodynamia problams, 
and is axprasstsi by tha Clraak latiar tjamma^ thus-- 



It has haan shown that - 

- K, ” H, ami 

K,(y - l; = tl 

K , 

y - i 

^ ^ (I, U UU) 


K, = y 


vm 


Work done daring Exp.nsion.— Wlnm a giw ax|>n.nda in a aylind-ar 
tmdar a movabk piskag if th<^ plntiin wa*ra movad hy soma axtanml 
foroa, than tlm voltiimi iiml prassura <»f thc^ c^mdoHatl gas wain Id alianga, 
but the tem{Miriitura woula rt^main aoiintant (|>roviding ihare w"ara 
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STEAM-ENGINE THEORY AND PRACTICE. 



Fig. 6. 


no losses by radiation, etc.).^ Therefore the curve indicating the 
varying condition of the gas as to pressure and volume would be an 

isothermal curve. If, however, the piston 
were moved at the expense of the heat- 
energy stored in the enclosed gas, or, in 
other words, at the expense of its intrinsic 
energy, then external work would be done 
by it and heat-energy expended ; hence 
the pressure of the gas would fall below 
the isothermal, and if no other heat in- 
fluences have been introduced, such as loss 
of heat by conduction through cylinder 
walls, or gain of heat from some external 
source or internal chemical action, then the curve described would 
be what is known as the adiahatic curve (adiabatic meaning literally 
no passage of heat to or from the expanding gas). 

^ These two curves — the isothermal and the adiabatic — are of great 
importance in the theory of heat-engiues, but they both represent 
ideal conditions which are only approximately realized in practice. 

If, during the expansion of a given weight of gas, heat is added 
so as to keep the temperature constant, then the intrinsic energy 
of the gas is also constant (see Joule’s Law), and the heat expended 
in doing external work during expansion is exactly balanced by the 
heat supplied to retain the gas at constant temperature. 

The work done during isothermal expansion is given by the area 
aodc enclosed between the .hyperbolic curve, the two vertical ordinates, 
and the zero line of pressure. 

This area may be supposed to be made up of a number of inde- 
finitely narrow strips, the area of each being 
equal top x dv, where p = pressure, and 
dv the indefinitely small width of the strip. 



Then, since 

v = p = ^ 


= PiVj = constant, pressure at 

where V = volume OV (Fig. 7), 

, P V 

and area of strip dv = — 

tween the limits Y, and Vg 


“dV. ' Integrating be- 


-1:7^ 


dY 


V 
Vi 

= PiYi logo y® = PiYi loge r * 

where r = ratio of expansion j or, since P,Yi = PY = ET, T,Y, log, r == ET log, r. 

The expression RT log^ r measures not only the work done during 
isothermal expansion, and therefore the heat expended, but also the 

‘ This would not be true for steam, as the temperature of saturated steam 
varies with the pressure imder all circumstances. 
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n 


tieat Huppliod to hnlnuco th<^ lo.s.'' and t<* rotiiiu tho tojoia^ra” 

■fcuro, or coimtant iutrinsic oiioixy of the jfnH. 

Work done during Adiabatic Expansion,- I ►uriiig adiahii!!.- 
|)an.sM)u tho work dotio in Iok.h tliim that dono during isot JnTitini . Kpitii 
sion, owing to tlm fact that during adiahntiir f.vjtaii.-don tin- w..rk c 
rloiu' at the cxpcn.st* ol it.s <iwn intrinwic ("nergy iilon**, ami tlic aiituttiif 
of boat in tlw gas a.s the expauKion ]>rocfi><ls iM^cotncx Ic.hs and less, In 
ririy ease tli(« change of internal energy anil the aiiioiiiif of work done 
j)or pound of gas K,('r, — '1'.,). 

Tho adiahatie expansion <•111^0 for a gas is a pnrtictilar of i|„. 
general formula FV" = constant, and is written {'V* constant. 

where y =T the ratio of the stsH-itlc lieats !■ { for air. 

K,. 

The area enclosed hy a curve of this form is ohtained thus ; 


Imt I*V“ f.\' 
I’.V. 
V> 


[Say 

J V, 


r 




™ J 

f'V, 

f.v,“ V *,tv 

./ V, 

- P,v.»p- .. ♦..-IV, 

I - « ) iJv, 




V-..' 

I ~ / 

F.v.-tv,' » - V,' - ..) 

« — I 
a — t 

II — 1 ..... 

Thi« mmy mUti Ih' writk^ri 

mmi n * * * 


r,v, 

;rr-r 



1*,V, 


— 


(II 


• . (*> 
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Then, dealing with a cubic foot of gas, since 144jp = pressure per 
square foot = P, work done during expansion from to 

n — 1 

/ y \ « Po 

Also Pi Yi’* = = constant ; j “ ~Pi ^ 

Therefore work done during expansion between pressures Pj and Po 

144 X jPirill 


w — 1 


(3) 


The above equations (1), (2), and (3) give the work done per cubic 
foot of gas during expansion only, and with zero back pressure. 

Therefore the total work done during admission and expansion 
against back pressure Pg 

= 

- (D'-s"} 

Eelation between Volume, Pressure, and Temperature for a Perfect 
Gas. 


PoY^ 


P,Y, = RT,; P,Y, = RT, 

V V 

For adiabatic expansion, also PiYj = PaYg 
therefore multiplying, ^ ^ 

-*-1 Ti -vr ^-n TT \ ^ 2 / 






also 


Tx - \pj 


PArrl 

7 


, Tx : T, : : : Vx""* 

iz} yzl 

and Ti : T 2 : : Pi v • P 2 v 

Y,:Y,::T^y:-p,y 

y 7 

V, :Vx ::Px;P, 

Example. — Air is drawn into an air-compressor at 60° Fahr., or 
521° absolute, and at atmospheric pressure : find the temperature 
when the pressure is raised to four atmospheres without loss of heat 
by cooling. 
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S5 


Then from equation- 




T-l 

7 


= 521(4) 

log T 2 = log 521 + ;-nog4 

= 2*7168 + (0*29 X 0*602) 

= 2*8914 

% = 779° absolute, or 318° Fahr. 

To find the value of n in the equation = constant. 

1. Let ah be a portion of the curve of the form PY” constant. 
Take any point p in the curve, and 
draw a tangent to the curve from p, 
intersecting OY and OX in c and d ; 


be ob- 


.1 ce of . . , 

then — = n, which may 

eofd 

This method 


tained by measurement, 
may be applied to indicator diagrams 
when ep = total volume of gas (in- 
cluding clearance), and OX = zero line 
of pressure (absolute). 

2. The value of n may also be obtained 
by taking any two points on the curve ; 
then using the equation — 

P,Y, - P,Y, 



area = 


w — 1 


(except when w = 1, when the formula fails). 

3. Since PY^ = PjYi^^ = constant — 

log P -f- 71 log Y = log Pi + 71 log Yj 

- log - log ^ 

'• ^"“logY-logYi 

Heat-Energy represented by Areas.’ — When heat is applied to 
a perfect gas— that is, a gas in which none 
of the heat added is absorbed in doing work 
to overcome internal resistance, but all the 
heat goes either to increase the temperature 
or to do external work — then the quantities 
of heat involved may be represented by areas 
as follows : 

1. Let A represent the condition as to 
pressure and volume of 1 lb. of gas at a 
given temperature ; and let the gas expand, 
doing work by virtue of the heat-energy con- 
tained in the gas, but without loss or gain of 
heat externally. Then, when the gas has expanded indefinitely until 

^ See Papers by Dr. Oliver Lodge, Engineer, January, 1894. 
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the whole of the intrinsic energy has been expended by conversion 
into work, the temperature will have reached absolute zero. The 
work done, and therefore also the intrinsic energy of the gas at the 
beginning — in condition represented by point A — will be represented 
by the area enclosed by the lines Ac, cX, and the adiabatic curve Aa 
prolonged to meet OX (Fig. 9). 

If expansion continue to zero temperature and pressure, then — 

PiVi - P.Vo 

area = 

y — 1 

But Pg = 0, 

area = = -N\ = 

y- 1 y- 1 

either of which expressions represents the intrinsic energy of the gas 
in state A.^ 

2. If heat be added to the gas in state A at constant volume till its 
temperature rises to B, then, 2 adiabatics be drawn through A and B 
(Fig. 10), area XcAa represents the intrinsic heat- energy in the gas 
in state A, XcBh the intrinsic energy in state B, and the area aABh 
represents the additional heat required to change the state of the gas 
from A to B. 

Since the internal energy in a given weight of gas depends on the 
temperature, then, if temperature at A = and that at B = Tg, 
considering unit weight of gas — 

area aAJBh= K„(T 2 — Tj) 

= - r.) 

3. For any change of state from A to B accompanied by addition of 
heat, if adiabatics be drawn through A and B, area aABh gives the 
heat received by the gas during the change from state A to state B. 

But during expansion from A to B work has been done represented 
by area cABd (Fig. 11), and therefore the total heat applied = in- 




trinsic energy in B -f work done in passing from state A to state 
B “• intrinsic energy in A ; 

that is, XdBh + cABd — XcAa = aABh = heat supplied 
If the temperature of the gas at B is greater than that at A, then 

^ To draw an adiabatic curve, see Appendix. 


TiiKRMOin-'XAMICS OF GAFFS. 


i\w, intrinsic* tnu^rgy at U hi than at A, anti tin*, heat aclch^cl te 

thc^ gas at A is inerts tinui that ret|uin*(l merely to do tln^ work rAlifl 
4. Lei now tin* patli A to B situated as in Fig. l‘J, wht‘n^ B 
falls 1k*1ow tin* adiabatie througli A. Hc*re no lu?at Inis Ihhui received 
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from c^xternal sourees ; mi tlie contrary, loss of heat has takt‘n place 
n‘present<*d by area liBAn. And intrinsh* em*rgy of gas iii states 
A work done during ex|mnHiori A to B d» inlriiiHie enm‘gj remaining 
in gas in statt* B d” bins of lieiti during expansion ; or 

area XcAa cABf/ ■’p XdUb 4* ^dL\a 

5. An important earn* is the one in whii*h the* h(*at added to a 
perfect gas during expansion is f.lie exaet etpnvah‘nt of thc^ work done*, 
and iheref<»re the iemperaitin* at tin* <*nd of tin* opt*raiion remains 
the saiitf* as at the begiiiiting. This in the ease of iHoiln‘rinaI expansion, 
lL*n^, sitiei* A B C Fig, L'liin an iHotlM»rinah or line of coimtant t**ne 
jieratuns the iniriitmc enf*rgy of tin* gas is eoimtani at any point in 
'thin line indt*pendenily of prenHun^ <»r volume, Inirinsie eiH*rgy in 
'A XrAa. Heat aildi*d during f*xpansiofi A to U aAlllh But 
tmergy iit A + lit*at addt*d - energy remaining at B + work dtme; or 

XcAci 4 Xfim + rAIW 

But XrAu KdWh 

A cl A lih r A Ik/ 

that is, the heat addcsl to a perfec’t, gas during isoiht*rmal expansion 
is tin*, c^xiict ec|ui valent of the work <lonix 

The ndatiori of tln^ four areas markt*d W, X, Y, Z (Fig. 14 p to the 
(pianiitieH of heat in%*oIv'f*d in the ehangc^ 
from A to II winm AB is an iHothermal line ^ ^ 

is a« follows : ^ 

W + X work done ^ 

X + Y heat ri*c*t*ived iii|tu valent to work \ x^'K 

done \ 

W -f- ^ = intrinsic energy in gas at A ^ 

Y + Z -- intrinsic energy in gas at B a 

W s-.:- work done at t*xpenHi* of intrinsic* 1 

energy cuiginally present at A 0 c 'f X 
X ~ additional work done* by heat re- Fiti, pp 

ceived during operation All 
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7x = residual energy remaining of original energy at A ^ 
y = additional heat-energy to maintain constant intrinsic energy 
of gas during expansion along the isothermal line AB 
Work done during Compression. — If a quantity of gas, in state A 
as to pressure and yolume, he compressed in a cylinder under a 

movable piston, then, if the compression 
Y take place slowly, the heat due to the 

c ' work done upon the gas, instead of in- 

V creasing its temperature, may be supposed 

to be dissipated through the .sides of the 
containing vessel. In this case the tem- 
^ perature would remain constant, and the 

q’ — pressure, would increase in accordance 

with Boyle’s Law, and the curve of com- 
* pression would be given by the isothermal 

curve AB. If, however, the compression of the gas is supposed to take 
place quickly, then the heat due to the work done upon the gas will 
increase the temperature of the gas, and the pressure will also rise, 
in consequence of the increased temperature, above that during 
isothermal compression, and the curve of compression will be given 
by a curve AC above AB. 

The work done upon the gas during isothermal compression is the 
same as the work done by the gas during isothermal expansion, and 

is given by the expression PjTi log^^^; or = KTj log^r where Yi is 

the original and Yg the final volumes, and Y^ -f- Yg = r. 

Similarly, the work done upon the gas during adiabatic com- 
pression is the same as the work done by it during adiabatic 
expans’ion — 


These principles may be illustrated by taking the work done in 
an air-compressor (Fig. 1 6) on 1 lb. of air. During the suction stroke 
from O to M, the volume Yi at pressure Pi is drawn into the cylinder. 
On the return stroke the air is confined, and as the volume decreases 
the pressure increases finally to Pg, at which pressure the air is forced 
into the mains. If, during the operation of compressing the air, 
the heat due to compression is all removed by some method of 
cooling, the temperature of the air will remain constant, and the 
line of pressures will follow the isothermal curve HE. If, however, 
the air is not cooled during compression, but all the heat due to 
compression be retained, then the line of pressures will follow the 
adiabatic curve HF. In practice the actual curve takes some position, 
HG, between the isothermal and adiabatic lines. 

During the suction stroke BH the work done = 

During compression HF up to pressure jjg = Psy work done 


?3^3 - i?l^l 

71—1 
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Dnnni^ tlm (li‘liv<^ry of tho air FA a^^aiimt (‘caistaiii inymim^ p, tlio 
work (lone = IMV Tln^ net work {V} of eom|»reH,sion frump, to 


and doliviny at j/., pi^r Ih, of air 
area BAFK. 



TIw w<^rk done upon iho |luh.h 
hy eoinpn^HHiou from pj t(i pi in 
rotiv(^rt(al into heat and iii(’reHm»H 
iho temporaturr t»f tin* giw, t hnn 




Tho immn odoeiivi^ presKun* during eomproHmon and dfdhory ^ 



Whitn th(^ einnpn^jiHkm m adialiatir, n ^ y I’ l. 

Carnot’s Cycle.— A <*yei<* m dolinnd m a Horit^H of o|a*riitit»iiH tlinaiMli 
wlikh a Hwlmtam‘o. w piwHod, tho Hulmtiuna' Iwniiiij Urini||!it liiirk 
finally ki tlin waiH? Hiatt* in all r«*Hp<H’ti4 an that fnan whioh it alarf. rd, 
Thn iinm oitclonial hy the eyrltt m a nit'anurn of tin* iii»t f#r nmdiil %i'iirk 
dorit^ 

Tim oy(!l« of oporatit.irw known an (tarnota <*yt‘lf* for a |MTfo*'i %tr idoril 
Imat-ongimi roniiisiii t»f four MtiigoH, iriuatratod m folltnva : 

Imt a rylindor contain unit weight t»f gan i*fifdom»il iititli*r a 
inombk piston, and lot tlioro Iw* an iridofinito mipjily of lu*fit nl 
(‘onstant tiii«|M!riitur«^ T| ; al«o a lower limit of iompornttiro, *r,. 
Them, {wsuiliing no iiiio to radiation, «‘iinmiot-iiiii, and 

fri<tti(>ii“- 

1. Ia.4 thii ioiiifMiratiirii of tho ga« in tim oylindor to stiirf.- with Iw 
the same ns that of thrt aonmt (»f liimt, niuiioly T,, and lot tl«* rylitidor 
bo in (xmtaet with tlia aourco of heat. Then, if the giw at stiiio jniint 
A (Fig. 17) in the eylindim expands, doing work on tin* piston, mid iit 
th<$ same time a supply of heat from thi% Kourri* pissos irit 4 i tin* giiA, 
maintaining the ternpemiiirti eormtant aiTj, the ehangi* of firoHsiirfi fititl 
Foluma will Ixi raprosiintiid by the isothormid lino AB. 1 hiring tfilji 
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process the work done = aNBh. At the same time a quantity of heat, 
Qi, has been given to the expanding gas — 

= aABh = XABY 

2. Let the supply of heat be cut off at B, and let the gas continue 
to expand without any further communication of heat. Then the 

pressure will fall more rapidly, and 
the temperature will no longer be 
maintained at Ti, owing to the loss 
of heat in the performance of 
external work, which has been 
done at the expense of the intrinsic 
energy of the gas; and let the 
temperature fall to the lowest tem- 
perature, Tg, during which the ex- 
pansion curve BO is described. The 
work done during BC = 6BCc. This 
completes the forward stroke. 

3. By the aid of a flywheel or 
other means, let the return stroke 
now be made ; but let the cylinder be now placed in contact with 
an indefinitely large cooling arrangement, represented by the lower 
limit of temperature, Tg, the temperature of the gas at 0 being 
also Tg. There is at first no transfer of heat. But, as the gas is 
compressed behind the piston while it returns, the immediate effect 
is to increase the temperature of the gas ; but, being in contact with 
the cooler at temperature Tg, the temperature remains at Tg during 
the time the compression is going on. Let the compression continue 
till the piston reaches point D, when communication with the cooler is 
closed. 

The point is so chosen that the adiabatic through D 



through A. 


passes 


During this third operation the piston does work on the substance, 
the amount of which is negative and is equal to the area cCDd. 
At the same time a quantity of heat, — Qg, has been rejected to the 
cooler — 


Qg = cCm = XDCY 


4. Continuing the compression, no heat can now escape, and the 
pressure and temperature rapidly rise; the compression line DA is 
described, and the substance is restored to A at Tj, where its condition 
is now in every respect the same as at the beginning of the series of 
operations. The work done during the compression DA is negative, 
and is = aADd. 

The net work (W) done is the algebraic sum of the work done 
during each of the separate operations; thus, using the symbol 
to represent work done during the first operation, namely, expansion 

W = Wi -f Wg - W3 - W4 

s= area ABCD 
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T}h‘H(^ ({uantitieH may he .stat(*<l in clc‘tail thus, iwing for presKU^e 
at (ij and tor vohone at a ; ilitni- — 


(1) 




V. 


Hin<-(‘ A!! is an isiithcrmul linn. This also i-(‘])r(>sontH heat tak('n 
in liy jjas (luriiift cxjiaiisiuti Alt = - «Alt6 - XAltY. 

(2) No heat taken in or rcji'cted. Work (Itiia*. by during 
julialwi/tic <txjtafis«tn lt(t s; W / - 

7V., U 


W„ == 




y ~ H 

loHH of itdernal <*norgy Kd'!', — T.) 

(:l) Ht*at darinj^: op<Tati<in ('I) 

''‘.i I !<«,. V ' 

“ ll, rVlhi XI)(!Y 

(I) N'l) heat taken in nr n*jeeted. Work done, nn giw during 
adiabatic ctmijiression 1>A — W, 


V- tr 
k,(T. - '1'.,) 




\ 


5 


w. 

gain of ini<‘nial etnn’gy 
In o|HTationK (2| arul (I) ttio Iohh hjuI gain of lieat. am <«{ual 
and halaiii*f» eaidt other ; alno eoinpariiig the wtirk dont« in thf^ two 
oaHOH \Vy arnl Wj, it will l«* Hiten that o< [nation.^ ans 0<pjalj for 
'PJ\i = pFhf ^inm tt and h am itn tlm Hatno hyperholitt vurvv. It 
han alno IwHan shown (p. I I) that, sinoo Al> arul B(J aro adialiatic 
(turvoH ' - 


V.. V”> 

T, 


. V., 

V. 

v., 1 

T.= 

UJ “T. 

’ *• V, 

v„ 


Com]>aring { I ) and (11) ■ ■ ■ 

, V, V. 

wo liavo ^ ss sr r 

^ ' *1 

V 

ihmd\m from (1) W, lt»g^ y'' 

v‘* 

and fnitn QV) W,, - lt»g, ,/ 

Than tlio ilifioronm tn'twinni heat almcadmd in (1) and Inmt rtyootoci 
In (3) :"■* lif'^at et)iiVi^rt4.Hl intt> work ^ f!( 1’, — 1\) log,^ r. 

But totiil heat rwadverl ™ KT, log^ r 


nn\ log, r 
li% li%. r 


tlic^rc.€or« idheituiey 


'H(T, ^IVlIogr 

HT, logr Tf 

From a Rtutly of the Hiatiunoni of the ('•iirnot cd!i(U('‘nt‘y, it will las 
evident that “ laitween given lirnitH of temperature tlm (dlieieney an 
engine is the greatiMt |K)HHihle wdien the whok^ nHaj|)tion of heat ta-keH 
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place at the highest limit, and the whole rejection of heat at the 
lowest.” 

The greater the range of temperature available, the nearer the 
T — To 

fraction ~ — P p — - approaches unity, and therefore the greater the 

value of the efficiency of the engine, other things being equal. 

The range may be increased by increasing the value of T^, or 
decreasing the value of Tg. 

Suppose an engine to work between the temperatures 300° Fahr. 
and 60° Fahr. Then its maximum efficiency 



761 - 521 
761 


= 0*315 = 3T5 per cent. 


It will therefore be seen that the quantity of heat which is rejected 
at Tg is necessarily large even under the best conditions, and that the 
efficiency is of necessity far removed from unity. 

The value of the fraction increases as Ti increases, and this is the 
direction in which improvement continues to be made from time to 
time in the steam-engine, and it has been carried to a still greater 
extent in the gas and oil engine. 

The lowest practical limit, T 2 , is the temperature of the surrounding 
atmosphere. 

It may assist the student if the action of heat-engines, working 
between given limits of temperature, be compared with the action of 
the water-wheel working between two different water-levels. The 
water-wheel is a device for using the difference of water-level, while 
the heat-engine is a device for using difference of temperature, in 
both cases for the purpose of doing useful work. 

In the case of the water-whe%l, it is evidently essential to maximum 
efficiency that full use should be made of the difference of level ; that 
no part of the height is wasted before the water reaches the wheel or 
after it leaves it. In other words, to take full advantage of the 
height, the wheel should receive its water from the highest level and 
release it at the lowest. 

We might push the analogy a step further to illustrate the prin- 
ciple that reversibility is a condition of maximum efficiency. For 
suppose some external mechanical power to work the water-wheel; 
then, if the direction of rotation of the wheel be reversed, the wheel 
might be made to transfer water from the lower level to the higher 
level, providing that the wheel, when ^forking nbrmally, received 
water at the highest level and rejected it at the lowest ; any fall at 
either side of the wheel would prevent it from being' reversible. 
This analogy is due to Carnot. ^ 

If the reversible water-wheel just described were turned in the 
reverse direction by a second water-wheel (made somewhat wider, 
so as to make it, say, 20 per cent, more powerful), then the first 
wheel might be made to lift the water back again from the bottom 
level to the top. 
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If, however, the water-wheel were reversed hj means of a heat- 
engine instead of by another water-wheel, then, with the ordinarv 
commercial engine, the heat expended will be from five to ten timi 
as great as that actually converted into work, 80 to 90 per cent of 
the heat being rejected at the exhaust of the engine. 

From this we see that when work is done by gravity, or transferred 
as work in any way, the loss is merely that due to the friction of the 
machineiy of transmission, and need not be more than perhaps 20 
per cent. ; whereas when work is done by transmutation of heat into 
work, there is always a necessary and unavoidable loss of at least 
70 per cent, of the heat, when working between the limits of tempe- 
rature at present used in steam-engines, and a further loss of from 
10 to 20 per cent, from causes which are more or less preventible. 

It appears, therefore, that work obtained by means of heat-engines 
is a somewhat costly commodity, and it is therefore important to 
strive to obtain as high a percentage as possible of the heat actually 
available as work. ^ 

From what has been said, it will be evident that though, by the 
first law of Thermodynamics, heat and work are mutually con- 
vertible, all the work which can be obtained by the conversion of 
the heat will not be available as useful work. Thus, when speaking 
of the heat value of 1 lb. of coal as 14,000 heat* units, and expressing 
the same as units of work, we write' — 

14,000 X 778 = 10,892,000 foot-lbs. 

But it is a mistake to suppose that this number of foot-pounds of useful 
work can be obtained from 1 lb. of coal, as only about 30 per cent, 
of it is available for the performance of useful work under the most 
perfect conditions within present limits of temperature. 

By a consideration of the areas. Figs. 10, 11, 13, and 17, it will be 
seen why it is not possible in any case to convert into useful work 
the whole of. the heat added to a working fluid. Thus, suppose 1 lb. 
of air at atmospheric temperature, say 60°, is heated to 500° Fahr., 
and the gas is expanded behind a piston, doing work until the 
temperature has again fallen to 60°. It might be thought that the 
whole of the heat in this case had been converted into useful work ; 
but it is ‘not so, because during the expansion of the gas — in addition 
to the useful work done — it has been doing work against the back 
pressure on the other side of the moving piston ; and it would only 
be possible to convert the whole of the heat into useful work provided 
the gas was expanded against absolute zero of pressure and tempera- 
ture behind the piston ; also that the expansion of the gas itself was 
continued down to this limit, namely, the absolute zero of tempera- 
ture and pressure. The loss due to incomplete expansion and to 
work done against back pressure accounts for the large loss of heat 
rejected at the exhaust in all heat-engines (see Temperaturerentropy 
diagrams. Chap. III.). 

By the second law of Thermodynamics, it is not possible to expand, 
to any useful purpose, below the temperature of the s\xrrounding 
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atmosphere, and there are many practical objections to expanding 
as far as this, especially that of excessive dimensions of the engine. 
Increase of practical efficiencies must therefore be obtained in the 
direction of increased initial temperatures, as very little improvement 
can be expected at the lower end of the scale. 

These statements may be summarized as follows : — 

1. Worlc transmitted as worJc, as from one machine to another. The 
possible efficiency may reach nearly 100 per cent., depending only on 
the loss of friction. 

2. Heat transmitted as heat, measured as heat units and indepen- 
dently of temperature ; as from the furnace to the water in a heating 
apparatus. The possible efficiency may reach perhaps 90 per cent., 
depending only upon the difference between the quantity of heat, Qj, 
generated by the products of combustion and the quantity, Qa, rejected. 
The efficiency = (Qi — Qg) Q^, where Q = quantity of heat as distin- 
guished from temperature. 

3. Worlz converted into heat, as in the case of the friction brake. 
Here the efficiency will be 100 per cent. 

4. Heat converted into worh. Here the efficiency always equals 
(Qi — Q 2 ) Qi 3 where Qi = heat received, and Qa = heat rejected 

But this practical efficiency, always falls short of the 

T — To 

efficiency, of a perfect engine. 

Within the present limits of temperature used in steam engines, 
thei efficiency of the perfect engine cannot exceed about 30 per cent. 
The actual efficiency of steam-engines varies from 21- to 20 per cent. 


<’nAFTi':u II. 
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disappears, till the whole of the 1 lb. of water has been converted 
into 1 lb. of steam. The steam during formation remains at the 
same temperature as the water from which it is produced. The heat 
added all the while evaporation is taking place is termed “latent 
heat,” so called because the continued application of heat during 
evaporation does not raise the temperature, and it was not clear to 
the early experimenters what became of this heat. 

3., The water having been completely evaporated, if the heat be 
still further continued, the temperature, instead of remaining con- 
stant as before, will again begin to rise, now that the steam is no 
longer in contact with water; and the piston will also continue to 
rise higher; and the result will be the formation of superheated 
steam at constant pressure, but increasing volume and increasing 
temperature. Steam is said to be “ superheated ” when it is heated 
above the temperature of the boiling-point of the water corresponding 
to the pressure at which it is generated. 

Saturated Steam is steam at the greatest possible density for its 
pressure. It is invisible, and also, of course, “ dry,’^ as, if it were 
not, it must contain moisture or water in suspension, and this would 
then not be steam only, but a mixture of steam and water, or wet 
steam, which is no longer invisible. 

If 1 lb. of water is gradually converted into steam in a cylinder 
under a movable piston, the steam is saturated all the time of its 
formation until the last drop of water is evaporated. Beyond that 
point, if the heat is continued, the steam becomes superheated, 
increases in volume, and the vessel no longer contains steam at the 
greatest possible density. 

Pressure and Temperature of Saturated Steam. — The temperature 
of saturated steam in the presence of water is the same as that of 
the water with which it is in contact, and there is one temperature 
only for steam at any given pressure. At any other pressure the 
temperature has some other value, but always fixed for that particular 
pressure. If the temperature falls, then the pressure falls, and a 
portion of the steam is at the same time condensed ; or if the tempe- 
rature increases, then the pressure also increases, and' more of the 
water present is converted into steam. 

It may here be noted that, in practice, the water in a boiler, when 
the circulation is bad, is not all of the same temperature throughout. 
The temperature of the upper portion of the water is the same as 
that of the steam, but the temperature of the water below the fire 
is not necessarily the same, and where this occurs, the effect is to 
produce unequal expansion in the boiler, which is the cause of many 
serious boiler troubles. 

Our knowledge of the relation between the pressure, temperature, 
and volume of saturated steam is chiefly due to the experiments of 
Regnault. The results of these experiments were stated in the 
form of equations, from which the tables now in use have been 
calcxdated. 

Regnault’s experiments were conducted with great care and 
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accuracy, aiui tlu^ rcHultn plotted, ami curv(*H drawn on co|>p(‘r, from 
whicli the formulic wore tluui dtHluetaL 


The general relaiitmship Ijotwetm presnure and ttunpi^raturo in net 
forth in tla^ following tliagrain (Fig. 18), from which it will be «eeu 
that the prtmure not, only varit^a with th(^ temp<‘raturf% but that th(‘ 
ratt^ of cliange pn*HHun^ in more rapid an tin* temptu-atunsH incream'., 
ThuH at 212*' Falir., arul at attiHJHpht'ri<’ prensure, a risc^ of T’ in 
ttunperature in billowed by a rim' 4»f presmin'. of hardly -t 11). p(*r M(|uarc^ 
inch, whihuit 400 * Fahr„ or 2o0 llm. presHur<% a rine of ttunperatun^ 
of I® In acHMUnpaniiMl by an increant^ of prcHHurt' of 2 Ibn. ptu* mpiare 
inch; and the prcAsuri' rapidly im*ream'K ; thuH .sO'am at 54()'" Fain*, 
han a prcHHurt^ of ICHM) Ibn. |>cr H«|uar4i inch. 

It hm lM*en proiitwetl to une high premnure Hteam in pipen of small 
Inire to at^t as a na*an.H of supca-heat ing stt'am lirouglit in contact with 
tlm t^xternal Hurface tif tite pipes, lait it will \m seen bow cmormously 
lugh the pressure iimsi lH»conH' liefore a temperature ran be rea(‘ht‘d 
whi(4i shall be of mueli use for superht'ating, 

Tt should also l)e pointed out that tliough tlie wtirking pressun's 
of steam will undtmbtediy eontinue to rise in many di^partimmtH of 
engineering, yet* tlm etlieimicy of the 


steam is pro|HirtionaI to the raage ttf 
iempfraiuTf through which it works, 
arul hence the rat4^ of gain of eili“ 
ciency will not k«H*p pats' whit tlie 
ratc^ of inereaHt^ of |ir<'SHure. 

BfWikine gives tlie following is|iia* 
tion tsauieeiing tiu' presstire and 
tem|K)rature of satiiratisl steam ; • 

n C 

logi«i p ' A. f|, -*” 
in wldeti T"” i> 4 * 461*2 Fahr. 

For |Kuinds pt'r »t|uari^ inch the 
valuta A, B, aiul C) are, A 6 T CHIT, 
it^g B = :i:4:i642, log tj 5*rdiH7:i 
Tins e<|«ation gives very accurate 
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rmiilts. It is numt csinviudent to p'la, ih. 


olitain temperatures from the iidiles 

in prau;tiee, but the tables usually do not givi,^ values at very high 


presiures. 

Sp 00 ifi 0 Heat of Water aad Steam.— For prac.?tica! puriwrses, tlu' 
H|)e<?ific heat of water is reckoned as unity at rdl ordinary tempf^ratures. 
In other words, if i Im the iem|Miratiire of the watt'r, thtui the units of 
heat rii(|ulrecl to rai«i 1 lb. of thi^ water from 32® to T =5 I — 32, This, 
however, though sufficitmtly lujcurati^ for prrmtical pur|K>seH, is not 
strictly true. 

Tim BfMicifio h«t c»f steam, recording to liegnault, is 0*4805 at 
constant presiure, and 0*346 at constant volume. 
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Total Heat of Steam. — ^The total heat of evaporation (H) is defined 
to be the number of units of heat required to raise a pound of water 

at 32° Tahr. to a given temperature, 
and to convert it all into steam at 
that temperature. The equation by 
which the value of H may be calcu- 
lated for any temperature, f, of the 
steam in Fahrenheit units is — 

total heat = 1082 + 0*305^ 

From which it will be seen that the 
total heat slowly increases as the 
temperature of evaporation increases, 
namely,^ by 0-305 thermal unit per degree of rise in temperature (see 

Heat to raise the temperature of the water (h) during evaporation, 
reckoned from 32°, is the number of thermal units per lb. to raise the 
water from 32° Fahr, to the temperature of evaporation t. In practice 
it is usual to obtain the value of A, thus : 

^ The true value of his, however, somewhat greater than this, and is 
given in the Tables in the Appendix j it includes the heat used in 
expanding the water as well as in increasing its temperature. 

^ If the feed water supplied to a boiler is at some temperature, tf 
higher than 32°, the total heat of evaporation is then reduced by 
temperature of the water to begin with is, say, 
50 Fahr., then the total number of thermal units per pound required 
to convert it into steam at 212° will be less than that given by tho 
tables by 50 - 32, or = 1146*6 - (50 - 32) = 1128-6: 

Latent Heat.— The latent heat of evaporation (L) is defined as tho 
eat required to convert 1 lb. of water at a given temperature into 
steam at the same temperature, and under constant pressure. 

H = L-f ^ 
or L = H — ^ 

Or L may be obtained approximately by the following formula : 

L = 1114 - 0*7^ 

Prom this equation it will be seen that the latent heat decreases as 
the temperature increases (see Pig. 19). 

During the ^evaporation of 1 lb. of water, for every additional 

unit of heat, j part of the 1 lb. of water is converted into steam, 

till the last drop of water is evaporated. The heat L supplied 
during this process of evaporation has been expended in two wavs • 
(p In overcoming the internal molecular resistances during the 
change of state from water at boiling temperature to steam The 
heat so used is termed the internal latent heat, and is usually written 
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with, the Greek letter p. (2) In doing external work by overcoming 
the external resistance or pressure, P, per square foot through a space 
equivalent to the volume occupied by the 1 lb. of steam at the given 
pressure, less the original volume of the 1 lb. of water. This heat is 
called the external latent heat, and is written E. 

Eatent heat. 


Internal heat. External heat. 

Then, during formation of steam — 


total heat H = + L 

= A -f p + E 
PV PY 

also E = -j- = heat-units 


PY is the work done in foot-pounds, omitting the volume occupied 
by the water from which the steam was generated. 

If s = volume of the water in cubic feet before evaporation begins, 
and Y = volume of the steam when the last drop of water has been 
evaporated, and P = external pressure in pounds per square foot, then 
change of volume = Y — s = w, and the external work done = E = 
P(Y ~ s) = P(Y ~ 0-016) = Vu. 

The value of Y is very large compared with s, and the more so bhe* 
lower the pressure. Thus at atmospheric pressure, Y = 1 644 times s, 
while at 200 lbs. absolute pressure, Y = 141 times s. 

The internal latent heat of steam (p) may be written in work- units, 
thus : 

p = J(L) - P(Y - 

The “ internal latent heat ” (p) must be distinguished from the 
“ internal or intrinsic energy ” (p -j- h) of steam. 

In the short Table on p. 30, particulars are given of the quantities 
of heat involved for a few cases of varying pressure from 1 lb. to 
200 lbs. absolute pressure, and a careful study of this table will be 
helpful. 

Taking the items in the order given — 

(1) The temperature of 32"^ Fahr. is taken as the arbitrary starting- 
point from which all quantities of heat are measured. 

(2) The temperature of the boiling-point increases with the pressure ; 
but the temperatures increase more slowly as the pressures increase 
(see also Fig. 18, p. 27). 

(3) As the pressure under which the steam is formed increases, 
the steam becomes more dense, and thus the volume occupied per 
pound becomes smaller. 

If the steam be formed at atmospheric pressure, then its volume 
per pound is 26-6 cub. ft., but if the pressure is increased to 200 lbs, 
per square inch absolute, then the volume per pound is 2*29 cub. ft., or 
only about of the volume at atmospheric pressure. 
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(4) The total heat required to generate 1 lb. of steam increases 
as the pressui’e increases, but the difference is very small. Hence 
the cost, or heat expenditure, per pound of high-pressure steam is 
very little greater than the cost per pound of low-pressure steam. 
Thus the total heat of steam at 200 lbs. absolute pressure is 1198, 
while that of steam at 100 lbs. is 1182, or a difference of 16 units of 
heat per pound, or 1*4 per cent. But the possible work due to ex- 
pansion from the higher pressure is much greater than from the lower. 
Thus, expanding down to 10 lbs. from 200 lbs. initial pressure, the 
mean pressure is 40 lbs. ; and from 100 lbs. initial pressure, the mean 
pressure is 33 lbs., or a gain of mean pressure of 21*2 per cent., 
neglecting back pressure. 

(5) The value of Ji, or the number of units of heat per pound con- 

tained in the water itself measured from 32° to temperature of the 
boiling-point, increases with the pressure. It will thus be evident 
that boilers having a large water space, as the Lancashire and Scotch 
or marine boiler, carry a large' store of heat in the water itself. 
Thus the heat contained in the water of a boiler at 200 lbs. pressure 
= 354*6 — 180*7 = 173*9 units per pound more than if the pressure 
in the boiler were at that of the atmosphere. When the pressure in 
the boiler falls from some high pressure to a lower pressure, the heat 
liberated from the water itself is capable of evaporating a certain 
portion of its own weight at the reduced pressure. Thus, if =■ 

* the difference of temperature due to fall of pressure, and L = the 
latent heat of steam at the lower pressure, then weight of water 
evaporated by heat contained within itself = (ti — '■r* L lbs. per 

pound of water present. 


Pressure per square inch (absol 






lute) on water during evapora-> 

tion ) 

Temperature of water supplied! 
Fahr j 

1 

14’7 

50 

100 

200 

32° 

32° 

32° 

32° 

32° 

Temperature of water at boil-l 
ing-point Fahr’. / 

102° 

212° 

280-8° 

327-6° 

o 

CO 

CO 

Volume of 1 lb. of steam (cubic) 
feet) / 

334*6 

26-64 

8*414 

4-403 

2*29 

Total heat to generate 1 lb. ofj 






steam from water at 32° Fahr. > 

= H ) 

Units of heat to raise 1 lb. ofj 

1113*1 

1146-6 

1167*6 

1181*9 

1198*4 

water from 32° Fahr. to boil- 1 

. 70*0 

180-7 

250*2 

297*9 

354*6 

ing-point = 7i = t — 32 nearly) 




1 


Latent heat = E -f- p 

1043*0 

965-8 . 

917*4 

884*0 

843*8 

External work = E 

61-9 

72*3 

77*7 

81*2 

81*3 

Internal work ~ p 

9814 

893*5 

839*7 

802*8 

759*5 

Percentage of H converted into) 
work, E ... ... ...j 

5*56 1 

6*30 

6*65 

6*87 

7*02 

Heat in the steam, counting) 
from 32° Fahr. / 

1051*2 

1074*2 

1089*9 

1100*7 

1114*1 


If, in a boiler, steam is raised to some pressure above the atmosphere 
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Hiariin^, hut with tiu^ .sinp-vaivt* mal lil! utitlrlH th** 

of thf^ waiiT, if it rtnihl \*v h fuiit|»iinit ivriy i|iiii*Ht*i*iil ; 

'Wix'fc <JU optuuu^ij: tlu* siijp-valvi*. luul sliirtiH’4 tlu* littiii^r 

-tJaO Haf(‘ty valve by hatui, ttr ia any utJier wjiy r**iii*%'iii *4 tlti^ 
l 3 . 0 "Vv"<^v(*r sli^litlyi then uu»re <»r viulenl ehisliit eui tiiiiia*iiint«’ly 

piavcn tine to thi^ fact that the heat .-4orcd Ih fht* wntpr in 'm 
of that nH|uirt*tl at tht' rctluced pn^MHurt^ ata! thin Iii‘«*ralinl liciit 
cva|iorjitt» water. 

^ ,yV>. Hiuiilar etlect occur.s iu the cane <*f water iti .Htenut-ryliiMler:* wheti 

prcHHure reciiu’et! by expaasiota or clurirj^ fv\hair‘4 ; lht‘ fn'iit 
• in tlie water at tlie initml prenHure am! fenipentt are eneenlti 

which the water can retain at lower prt'*.'^.‘'aire '4 beiii'i* a |»oriiofi 

tJic waler in evaponiteil fr<au thin chum^ hh ntHm an liie prr'M.Htiri*' 
(nee “ Utetwaporation/* p. ll«). 

^i)) It will l»e noticed that: thi^ lateid- bent tlecrr^ie^e. n-s I he pre!ci4ii"«’ 
ttunperaiure incr{*a.se. (^in;dd,erin4 tle^ roinponen* |iartfi id laliaif 
3:.xc^sfi*t Hepara,t4dy 

I'^'inst, the heat (H) transfornaal Into r'^iernal w'ork, ludler* 

Hti'aiu-pipe, and tht* iwlitidiT up to thi* birr^ of the pifUon iiiiiy 
>■>0 IcHiked U|M»n 104 one vimHcl, huvin^ a iiiovabh* Hide, reprc'Heiiteil 

*l>y the pinion, by winch tiie volume may be ineri'iiAed, |tiiriti|' 

formation of Hteiun in ilie boiler, eaeli j^iicrcHHive portion of t.lir* 
gJi>€*^uu jj^emu’niiHl expandn from tin volume an water to iln toiiiine 
X. 1 /H Nteanii a^aiaat tlie reaiatanee of the Hurroumliii^ prenfoire , ami 
■fcliiXH, in, addition to the h<*at eoniained in tin* r-lejint, lii'*al Ine* 
03 C|H*n{|ed at t.ia^ moment of forination in tlie boiler in doin^ ti»«^ work 

o£ lindinijj rinun for ih«* ?^ti*am, whicb Ins found l*y the iiie*i eintml of 

pinion, 'fhe Inait tlnw e'.xpended in tln^ laaforinaiiee i*| evferiiiil 
-work Ih iluf ijuantity K, the value of which in tln^ tabh% fhouid* not 
cpxxite <.*on,Hiant at all primKurea, ia nearly ao, inrri’a-Hin^ ;dowiy iti* ih** 

, ]|f>x-f '^HHUre inereaHe.H, 

'llu! heat ex|'M‘iide<’l in external work diirin^c forimition of i4riiiii iit 
200 Ilm. ami 14-7 Ibn. preni^ure reapeciively hi m folloW'H : 


200 X 144 X 2*20-r*"TH 
1 4- 1 X 144 K 20*04^778 


H'b:i he.Mt liliita 
72':i 


1 2*0 

oir* ii dilTermice cd IfeH |'M*r ennf., ahnwln^ thi'* e,xteiit of tlie i,iirreiwe in 
•fclic^ value of E between the Hmita of pri^HfUire niveii. 

heat, it should \m riuiiiuula^red, havim^ l'fe<*ii e^|iii|it.|ei| during 
proeesii of formation t»f tlie ateam, h not’, fiml ns^ViT liipi ln^nn 
;pr'€:%«ent in the Htcmm, but w*aH mippliial m re*|tiiretl friiiti tlie iiriniinii 
eotiree of heat. CkmdeuHation in the eylitiili*r of ii 
■fell €..* ref ore, mo long an the c»ylind<U‘ in in i*oiiiiiiiiftiefiiiiifi with the l«,iili'r. 
i3 rrot due to tlie performauee of work. 

JVu BCKUi, however, na eutadf takes pliici*, flit'* m im longer iit 

'Ooitimunication with the original Hourca.i of lumti lyiil nil i!i«^ %vorli. U* 
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be done, during the expansion of the steam from the point of cut-off 
till it leaves the engine, must be done at the expense of the intrinsic 
energy of the working fluid in the cylinder, which includes the 
internal latent heat of the steam p, and that portion of the heat of the 
water h which it gives up during expansion. 

When steam is used in the cylinder without expansion, it is the 
external latent heat E which is used, and the small proportion which 
this bears to the total heat will be seen from the Table. Thus, for 
1 lb. of steam at 100 lbs. per square inch absolute, the external latent 
heat E is 81*2, and the total heat from 32° Eahr. is 1181*9, or the 
proportion of the useful work done to the heat expended is only 6*9 
per cent., and this is the maximum efficiency possible when no further 
attempt is made to utilize the heat still contained in the steam by 
making use of its expansive properties. 

When steam is formed tmder pressure, work is done against the 
pressure ( = PV, the product of the pressure and the volume of the 
steam formed), and steam condensed under pressure has work done 
upon it by the pressure (also = PY, or the product of the pressure and 
the volume of the steam condensed). 

Density and Volume of Steam. — Various formulae have been devised 
to show the relation between the pressure and volume of steam, and 
to draw the curve known as the curve of constant steam weight. This 
relation has not yet been determined by experiment except for a limited 
range of pressures. Erom the experiments of Messrs. Tate and Unwin, 


the following formula has been deduced : — 


V = 0*41 


389 


p +0*35 

or (v — 0’41)(p + 0*35) = constant = 389 

where p = pounds per square inch absolute, and v = volume of 1 lb. of 
steam in cubic feet at pressure p. 

A formula of the following form gives very accurate results : — 

pv” = constant 

Eor dry steam the value of the index n is, according to Zeuner, 1*0646, 
and the constant is 479 for pressures in pounds per square inch and 
volumes in cubic feet, thus — 


|jyl0646 = 479 


Eankine gave n 


= \i-> tlius- 


pv^^ = constant = 482 


or, as given by Mr. Brownlee — 

pO-941^ 

then log V = 2*519 — 0*941 logp 

equals the logarithm of the volume of 1 lb. saturated steam in cubic 
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Tlie d<‘nsity uf nUmn, D (or its W(‘i|<ht jut cubic foot), in ilm 
n^(‘ijirocai uf the vtihutu*. 


I) 


1 


or l(*g H O’lMl log|> — 2*519 

Equivalent Evajioration from and at 212"' Pahr.— It is usuab in ex- 
j)mssiu|4 cva|M»ratitui results in sicaiu-boilcu’ trials, to nulucc them all 
to one comuKUi stiuuiard, namely, that of tlu^ number of jumnds of wat(u* 
wliieh would be evaporated with the same mmiber of h(»at-units from 
a fet‘d iiUiiperature of 212 into stiaun at 212 2 If tlu^ fetal water lu^ 
at a temperature of ,12 , then the total number of heat-units nupiirtal 
to evaponde the wuder at a *'iverk ju-essun* may i>e found from the 
table of total ht*at of <*vapt>ration ; but if tlu^ fetal water lu^ at some 
higiu*r ttunperature, then the heat units nspHnui juu* juatnd are less 
than tlie total Iieat H from tin* I'abh's by b -- 12. 

n — (// ■— 12) “ n f 12 — t lu*at-uuitH j)er jumnd 

But the ln*at units retpiired !<» convert I lb. (d’ watt*r at. 212 ' into 
Hti*am at 212 IHib urdts. Therefore the (*(pavuh*nt weight of 
watt*r, Wj, evaporated ‘M'rom ajnl at 212' Fahr.'* 


W, cr. W X 


ll 


12 - b 

‘Mh> 


lbs. 


Examclk. a boiler f*vajMU*ates 9 lbs. of watt*r p(T janunl of coal, 
Working at a pn*sstitre of 9U lbs. absoluta*, fetui t4‘mperat ur(t 10 ': lind 
tin* eipii valent eva|mration from and at 2 12 Faiir, 




H T 12 " 


V X 


t * ( e o 


iMHJ 


10*728 llm. 


where W rr- weight evaptu’ated from aetual feed temjuu*aiure. 

Incomplete Evaporation. Wet Steam,— It has \mni aHHum(*d so 
far that, tluring tlie evaj»oration of the 1 Ih. of wat(*r, the wh(d(^ of 
iht! water is eompletely evap<iratt‘d to dry steam. But, in praetiee, 
the steam from steam lunlers always contains tnore or h*HH moistun* 
in siispenshm, Stanetimes the nnusture present is eonsiderahle, 
'rin* total heat rt*«|uire<l to pnuluee wet stmun is, of eourm*, Ic*hh than 
tliat it* pr«Mhiee the Haine weight of dry steani, by the latumt heat 
wliieh would Ih* nee«»HHary to <*onvt»rt tht^ jirojiortion of moisture 
present into Hteiim. 11iis is an iinjuirtant juunt to bear in mind 
in f»Hiimfiiing the evaporativt^ tsflieieney of stu'amdauhu’H, and many 
iiri|ios.Hible results have be**u claimed for boih*rH through in*glcH!t to 
estimate tin* ipiiilify of the steam ohtaiin*d as to dryness. 'Fhus, 
supjMiHc a boili*r to Htqiply perfi*etly dry steam at a pressure of 90 lbs. 
ahsohitf*, eorrespiinding to a t4*mpf*rature <if 120'' Fahr. ; t(!iup(U*at uro 
t of fc’ethwaier == hlF Fahr, Tin*n tin* ttital h(*at of e vajK) ration— 

If ^ (i 12) 

IlTiM - {ijO - 12) 

. H5M 
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Or the total heat of evaporation might be written — 

Q = *4“ ““ 

where x = the dryness fraction of the steam. Then, if x = 1, which 
is the case for perfectly dry steam — 

Q = 889*6 + 290 - 28 
= 1151*6 

The values of h and L are obtained from the steam tables, or may 
be calculated. 

If the steam supplied by the boiler, instead of being perfectly dry, 
contains say 10 per cent, of suspended moisture, then the heat 
expended per pound of wet steam — 

= Q = a;L + ^1 “ 

= (0*9 X 889‘6) + 290 - 28 

= 1062-64 

If the steam from the boiler is assumed to be dry, and the 10 per 
cent, of moisture present is neglected, the evaporative efficiency of 
the boiler will be exaggerated. For 1151-6 units of heat from the 
coal will evaporate 1 lb. of water from feed- water at 60° Fahr. into 
dry steam at 320° Fahr. But the steam containing 10 per cent, of 
moisture only actually requires 1062-6 units of heat, and therefore 
the weight of water which will appear to be evaporated under the 

latter conditions = 2Q02-0 “ 1*086 lb., or 8-6 per cent. -more than 

the maximum quantity possible had the steam been dry. 

It is equally important, in determining the economy of steam- 
engines, to be aware of the quality ’as to dryness of the steam 
supplied to the engine, otherwise the engine may be debited with 
using a weight of steam a portion of which it has not received as 
steam, but as water. 

Dryness Tests for Steam. — The methods adopted to determine 
the condition of the steam supplied by a boiler as to dryness are 
various. 

1. The Barrel Calorimeter. — A common though somewhat rough 
method, unless done with great care, is that of the barrel or tank 
calorimeter. It consists, in its simplest form, of a barrel placed on 
a weighing-machine and partly filled, with a certain weight of cold 
water, into which steam is carried by a pipe reaching nearly to the 
bottom of the barrel, and having a perforated end. An arrangement 
is also fitted for stirring and properly mixing the hot and cold 
water. The increase of temperature after the addition of a certain 
weight of steam to the cold water is carefully taken. If — 

W = original weight of cold water, 

w = weight of steam (wet or dry) blown in, 
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jfi = temperature of cold water, 

to, = temperature of water after addition of steam, 

= temperature of the steam, 

L = latent heat of the steam at given pressure, 

X = pounds of dry steam supplied, 

Then — 

xL 4- — ^ 2 ) = — ^i) 

Heat lost by steam. Heat gained by water. 

or — 

W(^2 “ w(t.^ — ( 2 ) 

X- 

Or, in words, if the heat gained by the water, namely, W (^2 — k), 
is reduced by the portion of heat given up by the water added which 
entered as steam and with the steam, namely, w(t^ k)^ the remainder 
of the heat must be due solely to the latent heat of the dry steam 
supplied. If, therefore, this remainder be divided by the latent 
heat L of dry steam at the given pressure, the quotient gives the 
•weight of dry steam supplied. 

Example. — If a barrel or tank contains 200 lbs. of water at a 
temperature of 60° Eahr., and 10 lbs. of moist steam be added at 
a pressure of 85 lbs. absolute, thus raising the temperature of the 
water to 110° Fahr., find the percentage of moisture in the steam. 
(Latent heat of steam at 85 lbs. pressure absolute = 892. Tempe- 
rature 316°.) 

Then— 

W(4 ~ O '^(.k — ^ 2 ) 

200(110 - 60) - 10(316 - 110) 

892 

= 8*9 lbs. of dry steam 

or — 

2Q g.g 

— X 100 = 11 per cent, of moisture 


2. The Separating Calorimeter, shown in Fig. 20, is designed by 
Prof. R. C. Carpenter. It consists of two vessels, ofie within the 
other, with a steam space between. The wet steam is supplied 
through the pipe F, and the water contained in it, after striking 
the convex surface of the bottom of the cup N, is thrown outwards 
against the sides of the cup, passes through the small holes or meshes 
in the side of the cup, and falls into chamber C. The cup N serves 
to prevent the current of steam from carrying away with it water 
which has already been deposited in chamber C. The steam now freed 
from moisture passes away at the top of the cup into the outfeide 
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chamber D and is discharged at the bottom of the vessel through 
an orifice, H, of known area, which is so small that the steam in the 
’ calorimeter suiters no 

sensible reduction in 
pressure. 

The pressure in the 
outer chamber D, and 
also the weight of steam 
discharged at H in a 
given time, is shown by 
separate scales on the 
pressure-gauge. 

The rate of flow of 
steam through a given 
orifice depends upon 
the pressure, and this 
rate is determined by 
trial, and the outside 
scale on the gauge is 
graduated accordingly. 

The readings give 
the weight discharged 
in ten minutes. By 
Napier’s law the flow 
of steam through an 
orifice from a higlier 
to a lower pressure is 
proportional to the ab- 
solute steam pressure, 
until the pressure 
against which the flow 
takes place equals or 
exceeds 0*6 of that of 
the vessel under pres- 
sure. 

If W = weight of 
steam flowing through 
orifice H by gauge 

reading, and w = weight of moisture separated at K— 



W 


The quality of the steam x = — X 100 

w 

the amount of moisture = (1 — a;) = — X 


100 


Tie Throttling Calorimeter was invented by Prof. C. H. Peabody. 
The form described here is a modification of it by Prof. R. C. 
Carpenter. The action of this calorimeter depends upon the fact 
that the total heat of steam at high pressure is greater than that . 
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at low prt‘ssuri\ Jind nn in prossurc I In* of Iioat is 

lilH‘rai(Ml, and tirst to ovaporato any midsturo pn*.st*iit, and flitni 

jjannl with th«‘ liunnal 

t<‘fnp«*ratur(^ «»f tla* ntoam Ffo 21. 

duo to its pn‘.ssur(*. 

'Fho pro.HHuro <>f tho .stoam in tho (‘alorini«*tia\ alnoi* ili«' afni«»split'ri%. 
is vtHul from tim manomid.or **r aliown in tin* Hds 

roadin^, adth*<l to that of tho haronH*tor, tho ahsiflnto pri‘.H.stiro in 

tho fuloriniotor. 

KxAMnLK. 'ria* tidal hoat in I Ih, of Htoiun iii~ I <311 prowhur<^ 

almoluti^ is liH’J, a.nd tJuit' in I Il». of .stt*ain at tJli llw. ahsohiti* is ll.'ij, 
and if tin* .stoam won* aliovvoil to oxpaml front |1H1 llw. in tin* afiaim- 
pipo to 20 llw. pnwsuro in vo.skoI < ‘ without iloin^ o\t«*rnitl work, tlio 
unit.M of boat libi*ratt*<l por piUtrnl - ( 1 lJ-^2 — I loll Mi. If tin* 
Htoam in vo.saol i3 h at 20 U».h. alwidut** pronsuro, its liitont h«‘at is 
051 unitH. Tho wt*iy;ht of mointun* whioh t-ho I'xoiwa float will fwaporitlo 
will tliorofon^ lu^ 21 051 r- 0-ti22 ll». 

Ifi howa‘voi% t-ho anmnnt of nnastun^ pnwont. was loss t'lian fids, 
ihon ilio halaitco of tho oxoo.hh boat Wittdd HUp«‘rhoat tin* riiiiiiiiiing 
Htoam abovo ifn normal tom|'H‘ratun*, and tho rxoiws would In* sliown 
l>y tho thormomf*tt*r. In Huoh a oaso tho pormntai^o of tnoislnro may 
bo (‘omputoil from tho birmula givon holow. If tin* moist uri» pri*Hoiit is 
gnmt«^r than tin* oxoohh hf*ai oan <*va|H>rato, thon no Hiip«’rhi*fitiiig lakiw 
piaoos and lids <*alorinn*t«*r wouhl not bo- applioablo. It- in, howi,*vf*r, 
vory acourato within tho lindta of its action, namoly* with ht-oiua roii- 
iaining tud moro than from 2 to 2 |M*r oont, of moist uro. 

If s” ti'inporatun^ tif Htoam in main Hinaiti pipo, t, lomporatiiio 
in viwHol Cl into which tho Ht<*am ban boon oxpamlod to ii lowoi’ pro-Hsiirt’, 
and tj s normal tornporaiuro of Htcmin in i' chn* f.«i ita pnwhiirr ; thrit 
total boat por pound of atoam oarriod into f*nloriinotor -I .rL^, In 
tho caloriinoior, tho boat in tho ntoam duo to its rf‘diirial prchsiiry 
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= + L3 -when the moisture is just evaporated ; and if there is sufficient 

excess heat to superheat the steam, then heat required = 0 48 (^2 hi 
Then — ^ . 

\ 4 - zLi = ^3 + L 3 + 0‘48(4 — h) 

or — 

^3 — "h 1^3 4" 0 *48(^2 O 


Expansion of Steam. — We have seen (p. 32) that when saturated 
steam is worked without expansion, only about from 6 to 8 per cent, 
of the heat expended is converted into useful work. It will now be 
shown how further work can be obtained from the steam by expanding 
it in a cylinder after communication with the boiler has been cut off, 
by making use of as much as possible of the internal energy ^ con- 
tained in the enclosed steam before exhausting it into the air or 
condenser. 

When steam is admitted to the cylinder for a portion of the stroke 
only, the piston being driven forward during the remainder of the 

stroke by the internal energy of the en- 
closed steam, the diagram of work is 
similar to that shown in Fig. '22. 

Let Opi = initial pressure of steam * 
OV2 = length of stroke ; jpia = line of con- 
stant pressure of steam during admission 
and while communication is open between 
boiler and cylinder ; a = point of cut-off ; 
ah = expansion line representing fall of 
pressure from to j>2 during expansion of 
the steam from OVi to OVg. 

Here the steam is expanded from pres- 
sure Pi to pressure po, and exhausted against a back pressure ^2* 

The total or gross ivorh performed = area of whole figure OpiOhV^ 0. 

The total work done during admission = area OpiuYi. This is all 
the work which the steam would do if there were no expansion. 

The total work done during expansion = area HiobY^ 

The work performed against hack ^pressure = area Op^hY 2. 

The net or effective work done = area p2PiCihp2' 

Then of the total work done, the work gained by using the steam 
expansively is shown by the area VjabYa, and this area is increased the 
higher the initial pr^sure and the greater the number of times the 
steam is expanded. 

The Table in the Appendix gives the factor for obtaining the 
mean pressure during admission and expansion, having given the 
initial absolute pressure, or the ratio of expansion, or the number of 
expansions. 

By ‘‘ number of expansions” is meant the number of times the final 
volume of the steam in the cylinder contains the original volume 
expanded. 

The Expansion Curve. — The character of the expansion curve of the 



PKOP/iirriES OF STEAM. 


39 


steam aftia- clt'peiHls ujx^i coiKlitioriH as to loss or gain of 

lieat hy the tiuring expansion. 

I'hree i!n|Mtrtant «‘ases will ht^ eon.si(I<*re(l : — 

I. The Hyperbolic Curve. Wi»en curve is r( 9 >r(^Harite<l by a 
rectangular hyperbola, or by the formula //r =? constant. This curve 
approxiniat<*ly coincides with tliat obtalmal in practice, and, being 
simpler in t‘onst rtu’iion tlian tht^ uth<*r 
curves, is the (me moNt usually applied 
t 4 ) obtain approximat<( results by cal- 
culatitui of tin* wiak dont^ in engine 
cylinthTS. 

When nh (Fig. I is a curve fulfilling 
tlie condition / r c<»nstant, 1 h<‘ area of 
the whoh^ figure is givtm as folk»ws : , 

0 ' V’ 

i hi =" t X ( h\ 'sr. PjUj a rv omHtftut cnirvt* 

als(» the ar(‘a Oil Opy X Oi% rr p.n, ' /> - l*vi« miwtant Wituniti<»n 

Th(» area X lng,r, when^ c rvr omwinnt aUlftlmiU- rum' 

^ Fu}. 23. 

Th(*n»fon^ tlu^ whoh* nvvn of Opjolir.^ - + log.^)‘ 

Iri practice theri^ m iilwayH more' or less back pressunuu-ting against 
tlie piston, winch r«*dui*<*8 the et!ectiv(^ work. 

Thus if e/»t ' ■ pressure, tlnm (‘Hective work + h^K^r) 

— p^r, ; hut in all vmvH efleetive work whcu'e niean 

effective pressure ihroughotit the stroke, and r. rt: total volmne of 
liiston ilwplacenient. 

Tlu’refore omittirig idearance . 

~ /',<•,( ! -f- log.!- ) - 
or 


wln^re p., ~ p,, *" hack |m^HHure, 


I 4- log,r 
Pi r -Ih 



2. Th© SaturatiOB Curve. --Whim the steam in the cylinder i*xpandH, 
doing external work, anil reixuves heat iluring the expansion from 
some' external souris* (as a steam-jacket), just suflieient to prevent 
any iaindeimation of the sieattt taking plaeis thi^ (expansion curve is 
mid to lie the ” curve of eonstant steam weight/’ and its condition at 
any fioinfi of the expansion as to volume, pressttns and tem{amaturc^ 
eom*spontl« with the numhers give.n in Hi^gnault’s ’fables for saturated 
steain. This inirve may conHiHpnmtly be drawm for 1 ll>. of steam by 
taking tlit^ vaimm for voiumi* and pressure given in the Tahli^s. 

An approximati! formula given l>y Ilankine for the curve of constant 

steam widght.- is = constant. 

3, The Adiabatic Curve.— 'This curve represents the ex|>an.Hion of 
stimin without gain of heat from a jacket or any other source, or 
without lm& of htiat by radiation, conduction, or any othi^r cause, 
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except the loss of the heat which is transformed into work during the 
expansion. Such conditions are, of course, ideal, but they serve as 
a useful standard with which to compare the actual results obtained 
in practice. 

While the expansion proceeds, the weight of steam present as steam 
is continually being reduced owing to partial condensation due to 
the performance of work at the expense of the heat contained in the 
expanding steam. It will therefore be evident that the pressure will 
fall continuously below that of the curve of saturation,” which is 
the curve which would be obtained if no condensation took place. 

An approximate expression for the form of the adiabatic curve is 

given by Rankine, namely, = constant. 

According to Zeuner, n = 1*135 for the adiabatic curve for dry 
saturated steam ; or for wet steam when x = the dryness fraction, 
then n = 0*lfl3 -f- 1*035. Thus, given steam with 5 per cent, of wet« 
ness, then n = (0*1 X 0*95) + 1*035 = T130. For superheated steam, 
n = 1*333. 


CHAITKIt III. 

TEMPERA TVRE E.M'ROPy /i/A GRAMS. 


I’llF, iiidit'ator tlia^niui r«’prt*.s<'ritH hy an nrra thi* work tlujio pt'r 
strokcMii fotit |H»tint{,s, t arf*a fiHiaist iii^ t>f |»r<‘H.sui‘<* and vohniio t\tr 
itH rrct.iiM^t^tikir c^o-ordiiinlos. 

Tht* tiiiiporat tan* i*ntrc»|jy diagram, as applifti fo t*rixi*H*<*rinjL( par* 
piKsrs, I’i'prcHonts tin* ht'iitauiita rt)iivt*rt<*d into work pjor piHUu! uf ihr 
workini^ lltiid. In tins ilia^n*ain tln^ 
ordinatrs rt'pn\s<’nt foinpcralnro 
rrrkonrd from ahsolult* /.rru» and tho nrou 
of I hr ti^uro is cjuiintity t*f hi*at , in 5 
hrat-nnita, din* horizontal diinonHion is d ^ 
ol>tiiinrfi hy tlividing tho !i«*Ht-units nup £ 1; 

plird durin;( any ;4ivrrt rlmnj^r hy thr I | . , J 

mran idwoluit' t.omprraturr dnriim^ th<^ H 
rhani^'o, 'lo thin hori'/ontal ilimriision ^ j 

(daiinius 14a vo tlm naiiir {if ** ml ropy,” 3 1 

Entropy in hai^th t»n a diagram vvlnmi^ J 1 

hright Lh abstiltd.r. f.{*ntprratun% and ^ H ^2 

whoH(^ arra is rnrrgy, Qt iii htsaioiniiM. ScAtt or ENTaory 

Any rliangi^ i»t* Insit ri‘f<nvod tir rr- Ku;, ’il. 

j<‘ct<Hl rrsultH in a rharigr of mtn»py, 

I hr amount of thr i*hangr Uring ripnil t o t hr mun of t hr hral idiunmiH 
addrti or subtrarlrtl^ rarh bring divhlinl by thr abniduti* trinprralurr 
cif thii sulmt’ini’r at thr tiim* of thr rbangr ; thru 

Hu f ropy 


c ^ ^2 

Sc All Of ENT^ory 


Hiitropy 


TIh* (Irrrk Iritt^r (ihtid) wan nartl i>y Maxwrll hIiuuI for 

abHoluto irmpiU’aturr, and fft (phi) w'an usr<l by Uankinr nml by 
Maxwrll t<» driHifr rntropy. Mr. Mm*farlant‘ t*ray, thiTidorr, gam 
thr natiit* ihj^ {iktiti phi} t<»thiH hral diagrairn just an pr ih a namtt for 
iho wiirk tiiagram of prrssnn^ and volurms an ro.-ordinatf*«. 

If, in Fig. * 24 , (th rrprr.Hrnt a linr of c*onHtant tfutiprriiturr 1*^, and v*! 
ihr linr lif rotwiant t4Uiij«»rat«rr ' Ty , alno up and hd 1 i urn of {‘{»n?ifiifit 
rntropy and rrHprrtivrly* tlirn tlu^ ar(‘a ahed rrprrHiuitH ti* jindi* 
thr In^at-unitH inviilvrd in tlir rhangr of triupt*ratnrr f»f iifui wriglii 
of tlir sulwtanrr In^aird from trmprmtun^ d',, to d\, or riailrd from d*| 
to I .j* 

(diangr cif trmprraturr h hf*ro ri’proHrntrd by rbangr iif vi^rtiral 
bright Cif thr bat ipr rata rr- linrs, and rhangr of imtropy hy a rliaitgr 
of horizontal Irngtii iiiriiKnnHl along thr .scab* of rntropy, llirn tlir 
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quantity of heat, Q, involved in any cycle of operations, dhcl^ is given 
thus ; 

Q = (T, - T ,)(<^2 - <^i) 

Isothermal lines are lines of constant temperature ; adiabatic lines 

are lines of constant en- 
tropy. 

Entropy may also be 
expressed on the pressure- 
volume diagram by the 
intersection of adiabatics 
and isothermals, thus 
(Fig. 25) the isothermals 
ah and cd represent lines 
of constant temperature, 
Ti and respectively, 
and uc, hd are adiabatics, 
or lines of constant en- 
tropy, and ( 562 . During 
the expansion from a to 6 
heat has been added, 
though the temperature 
has remained constant at 
Ti ; the change is repi^esented by a change of entropy = <^2 ^ 1 * 

During expansion from h to d the entropy is constant, and the 
change is represented by a change of temperature, Ti — Tg. 

The Temperature-Entropy Diagram for Steam. — This diagram, first 
proposed by Willard Gibbs, and afterwards independently by 
J. Macfarlane Gray, illustrates very clearly many points connected 
with the thermodynamics of steam, which can only be otherwise 
solved by more or less difficult calculation. 

The construction of the diagram will be best understood by taking 
an actual case; thus — 

( 1 ) Heat to raise Temperature of Water . — Taking the case of 1 lb. of 
water at 32°, which it is desired to convert into steam at some 
temperature Tj, then the heat quantities involved in the various 
changes are represented as follows : — 

Referring to Fig. 26, let OY and OX represent the axes of tempe- 
rature and entropy ; and on the vertical ordinate OY draw a scale 
of absolute temperature from the base line, which is the zero ,of 
temperature. 

Let To be the absolute temperature 493, or 32° Fahr. Then 0 
may be taken as the zero of entropy. And entropy of water heated 
from To to Tj 

= ft = log.T,-log.T„ 

. J J tI 

If now heat be added to the 1 lb. of water at 32°, the temperature 
gradually rises and the entropy also gradually increases, hence the 
condition of the water as to heat will be represented by the tracing 
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of ihi‘. i‘urvt‘ otf. ■ Tho (fuaniity t»f lu^at iit 

plitnl to tho water <hiria |4 tiio rhau| 4 o from T„ tt» *r.j in rrpri*Hi*rit.«*ii 

hy tlio (‘iu‘loH(*(i nr<*a Agaim HUp|><»H«» Ty to Ih» th«^ 

<jf a Injilor fee(l-wat'.(n\ arid tlu^ wat<»r Ls hoatt*d to toiiiporatitro ol 
boiliii|^-|>oinf.^, Ti, t.hi‘u till* ([tiaatity of ht*at mip|di«‘d t«* thiywiilor 
betw(H*ii toui|H‘ratun*s lly anil Tj Ls r<*|>ri*Ht*!itod by iiroii 

iriyrifi = A + tlio 

The horizontal diinonsioin or entropy, for water raihotl fruiti tempi*- 
raturo 1', to 11, = on logt '!'*• — from 1', to Tj A* 

log, 1\ - log, T,. The rurvo ^ raliiHl the - wnUr MwP 


Y 

rAN,;Af» 


Temperature: - Entropy Diagram 
FOR Steam 
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ENTROPY SCALE 

Fm. 20. 


The “ wat4*r4ino *’ m priiriioally very nearly a Htraight- lint\ hent-e 
the following approKimaie metlawl may Ihi iidopied, %vliirli 
witli the w.Ho of logarithmH : 

ipnintlty of heat atlilwl 
mean toiiUKiraturo tliiring addition 

(T, - T,) 


Entropy 

Entropy 


i/'P *v \ <*ppn)3£i!iiat<.ily 

y i * 1 T* 4 .j/ 

(2) Hmt hi mmpimtifi Ifnfrr info Nfeaai,— When tlie Iioiliiig-piliii nf 
winter is reimht‘d, rhe addition of hmt i«> longer raiaen ilit* t4itii|M*riiiiir«7, 
Imt during the foriiiaiion of atrfiiun iha h<»at m iuldf*cl i%l eoii?.fiirii 
tem|M,iratiire ; tlni change in an iaothennal one, h«»iu*e the lineT:,e m 
horiaaifcal, i«id it in extendiHl further and further to the right, m 
more and more heiit is iicltled. When the whok^ of the I Hi* of 
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has been converted into steam, the length of the line TjC for steam 
temperature 

latent heat of steam at _ Lj 
“ absolute temperature 

or total entropy of 1 lb. of steam at Tj, measured from entropy at 
as zero, 


= loge ^ 


at 


To 


The heat-units required to convert the 1 lb. of water at Tj into 
steam at is represented by the area &TiC/ = C + D. 

For steam generated from water at some temperature To, the entropy 
of the steam, or the length of the line HA, 

- L24-T2 


or total entropy 
as zero, 


of 1 lb. of steam at T^, measured from entropy 



Ls 

T2 


at 


To 


The curved line cd to the right of the diagram is obtained by 
determining points, as explained above, for various temperatures and 
pressures, and drawing a free curve through the several points, e, d, 
etc., thus obtained. This curve is called the dry-steam line,” or the 
“ saturation curve.” 

If the 1 lb. of steam at Ti be expanded adiabatically to Tg, then the 
fall of temperature during expansion is represented by the fall of the 
horizontal line TiO to position T^g, so that the state point ” c moves 
along the adiabatic or (constant entropy) line eg, while Tj moves 
downward along the water-curve to Tg. 

The heat converted into work during admission at constant tempe- 
rature Tj and expansion down to Tg = TgTiC^Tg = B -|- C. 

At the end of adiabatic expansion the proportion of the 1 lb. of 

steam which*is now present as steam = x = 


a: - (log. + 

= (ah + hf) ae 


h 

% 


The proportion of steam condensed by performance of work during 
gd 

expansion = 1 — jr = 


The heat rejected to the condenser = area aT^gfa == D -f- A. 

If heat be added by a steam-jacket or other means to the expanding 
steam, just sufficient in quantity to prevent any condensation of the 
steam due to work done, the heat so added = area fede. 

The “ state point ” c of the steam travels during expansion, while 
the steam is maintained in a dry condition, along the dry-steam line 
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Cil. Tin^ ’idtlitional W(»rk iIoeh^ ti> ilu^ jacket = an»ii vthj. 

The lieat. n‘jeirte<l le <’uiuliniHi*r ^ T.jhui. 

If tlu‘ sic‘aiii is wet to he^nii with, tli(‘u a verticiil Hue liiny he 


drawn through some point 


making 



=• pn^portiori f>f dry 


Hicain prcstnii ; also TjK -4“ Tj, and if the Hit'ain «*xpands, tlH*n 

tlie proportion t>f dry steam pn^sent at mid of adiabatic <‘xpan8i«n» froEl 
Tj to 1\. zr. T.m At "hyd ; or 



4 - 


*r j I \ ^ \ iit 

r, 


Hxamplk.' If tlry sft*am at. lot) lbs. abstdutt^ anti timiperatnre 
Fahr. expand tt» atmoHpiit'ric pressun*, tind th<‘ value* of j*. when the 
expansion is adiabatic. 



.’.r tl'HT 


To draw Constant-volume Curves on the Temperature-entropy 
Chart.* On an indep<*ndent baH«* line XV, shown alsne the iiinpera 
iure-mdropy diagram (Fig. 27), raise a scale (»f volumeH of culm* fee! 



the right of Fig. 27. From this .scale ctf volumes set off the 
nimdier of cubic ferT <H*cii|«etl I'mr pound of steam at ilte 
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pressures included within the range of pressures to be represented on 
the diagram. • . 

From any points, 61, Ci, on the saturation curve raise projectors 
to XY, and produce them above XY, making them equal in height to 
the volume occupied by 1 lb. of steam at temperature ai, 61, Cj, etc., as 
shown at ^3, From a, 6, and c draw perpendiculars to meet XY 

in «3, 63, C3, and join these points to 63, respectively. 

Then, if any horizontal be drawn from the scale of volunies inter- 
secting the lines etc., as at the horizontal may be 

considered a line of constant volume in elevation, and corresponding 
points may be obtained in plan by projecting from a.4, C4, etc., to cut 

664 respectively in points ag, 65, Cg, etc. A free curve drawn through 
the points so obtained gives the constant-volume line ag&gCg.. Any 
number of further lines may be added, as shown in Plate I., which is 
the temperature-entropy chart as used for ordinary drawing office 
purposes, and containing all the lines necessary for plotting any case 
occurring in ordinary practice. This chart was prepared originally in 
this form by Captain H. Riall Sankey, to whom is due the application 
of the constant-volume line to the chart. 

The constant-volume lines may be drawn by direct measurement ; 
thus, if bhi is equal to any number of cubic feet (depending on the 
temperature of the steam), say 10, then h\ may be divided into ten 
equal parts, which may be numbered from left to right 1, 2, 3, etc., 
respectively. As each horizontal line represents in cubic feet the 
volume of the steam at this particular pressure, similar subdivisions 
may be made on other horizontal lines, and if the corresponding 
numbers be respectively joined, the required constant- volume lines 
may be drawn. 

The chart Plate I. is the portion B -f- C of the temperature- entropy 
diagram Fig. 26, but the vertical scale of temperatures and pressures 
has been greatly enlarged, which gives the chart considerable 
extension vertically. 

The various temperature-entropy diagrams given throughout this 
book ha,ve been drawn to various scales. Thus, when it was neces- 
sary to include the exhaust-waste area, a much smaller vertical scale 
of temperatures has been used j but where only the upper or “ useful- 
work ” portion of the diagram was required, a much-extended tempe- 
rature scale is employed. 

Applications of the Temperature-Entropy Diagram.— Of the total 
heat supplied to steam-engines, from 2 to 10 per cent, may be con- 
verted into useful -work in non-condensing engines, and in multiple 
expansion condensing, engines this percentage may be raised as hio’h 
as 20 per cent, or more. ^ 

The remainder of the heat is lost by condensation in the cylinder 
by radiation, and, lastly, and greater than all the rest, by the amount 
carried away to exhaust. 

This loss of heat to exhaust may be best understood by a careful 
study of the temperature-entropy chart, from wliich it will be seen 
how the proportion of exhaust waste may be most effectively 
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mliU’CHl, ruuat*!}', by Htmui of tito hi^host poHniltlt^ iuitiiil 

pnnssun^, (‘Xpaadiiii^ as fur ns prart u*ui4t% mauitai»tn|^ th«^ in 

thu eyliridur in Iba driest pnssihh* ftindition^ anti fmiilly txxlmtisting 
against a hack |»rt*.sHtirc reduced to iht* |t»we.Ht ptissihle limit* 

Kv<*ry unit of w<a*k uh(aim*d from the .steam during expansiim 
aftt*r eut-«»triH obtained by reco\’ering a |■♦or^ion <»f tlu^ internal tmergv 
of the Kt(‘am, tht* wladc* of which vvouhl otherwise pass away to exhaust 
unutilized. Huusdon' tlu' gn*ater the range of temperatun* and 
|)reasur(* tlirough width the working Ihdd acts whih* <hdng useful 
work, th(* greatiu* th«* jtossildiity of gain by expansion, and 
gr(‘ati*r tlu' prtiptirtion of the total Iteat supplied whielt is camverted 
inb) ust'ful work. Ami .sini*e tin* cost in lieat units pta* pound of steam 
at high pre.ssun’H Is v<*ry little more than bu* .nfeam at low pressures, 
th(^ advantage of using Idgh pressure^ and large expan. ions will las 
o!)vious. 

H<*veral castes will now ht* ismstdered, illu.Htrat ing the relation 
hetwasm tin' ttdal heat adtied and the Iteat rejeetisl to 
exhaust. 

(kiHU I. Hirttm tji'Hi^raird ni tiimftapltrrit* jtrtmnrr ami c.r- 
hnuAvtl into iJa* attmmpht ro at Fahr. 

d’his etuTospomlH to the {'ase of tln» gerieration of steam 
in a htdier opeti to the attno^^phert*. 'rin' hi'at ipiantities 
involv<*d in this ease have been alrently gi^en (p. lUi). 

'Fhe heat rejeeted tnay be eonstderetl in nmiamtiim witli tb«? 
condenHution of I l!s of steam iii a ey Under intdiu’ a movable 
wtdghtieKH piston, tln^ weiglit .sltown upon the piston bidng 
inteufled to represent atmospherie pressure (Idg. tiH). If 
th<^ (‘Vlinder be phu’ed in eommunienthui externally with 
a cold body, tlie Hic*am wall be tsimlensed, the piston will 
gradually fall, and, if the eis^ing ni'tir>n he eontinm'd, the 
wdiole of the steam will he redueed to its original 1 lb, of 
waitu' at 'A*I\ 

Here the heat ri«ji‘cte<l <»r earrietl away hy the <’ooling 
hiulj incdiides 

(1 ) 1’he iliternid kib'ltt htiit ... ... ... ... ... 

(2) The heat ef exteruitl w«ak or w«irk »l»»ne upon tli*' slritm t»y 

ttif pressure 44’ Ihc ftir thiriag condeusiilioti 7*i ll 

(Jl) The htmi Io-mI hy the water ... ... ... ... IHir? 

U4fMS 

And this is the naine as itie. total heat Hupplitab I1u.^ total hiait 
supplied and rejeeted is givmi by the wlmle area of ihi'^ iliagram 
H -b L (Fig. 2!t), and m* usidhd w’ork has been d<»iitx 

(fase IL Simm tjonrmU’fi iti aimmph*rR prrmun\ tifaiaj mark eii #i 
pinion, mid ex.kamfrd into a mndrnmr ui M'i" Ftthi\, nprt Mrniimj a pr*~mHrr 
a/ OilHo lih per mptarr inrh, 

Hera the total lic*at Htjpjilied per |M>und t»f steam is the hiurii* nn in 
Case L, but tlu:* hf»ati ri‘Jei*te<l is le.SH, as will la* umbu’simKi by rofvrvuvv 
to the ty Under and piston in Fig. 28, Ibir suppose tliatj wdien the 
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cooling commenced, the piston had been secured so that it could not 
fall as the pressure of the steam decreased, and that the whole of the 
steam is condensed to water at 32° Fahr. Then evidently the heat 
rejected is less than in the previous case by the amount of work done 
upon the steam by the falling piston under atmospheric pressure ; 
or — 

Heat rejected = total heat — external work 
= 1146-6 - 72*3 
= 1074*3 


for this particular case. 

The result is given by the areas Pig. 30. 
the total heat supplied. The 
curved line hd enclosing the 
external- work area is the “ con- 
stant-volume line,” drawn as 
explained on p. 45, and it 


The area ahcde is 




represents the gradual fall of temperature and loss of entropy of 
the steam during condensation at constant volume, that is, with the 
piston rigidly secured at the top of the cylinder while condensation 
takes place, till a temperature of 32° is reached. Then the heat 
below this line is the heat rejected ; 

and total heat — heat rejected = external latent heat 

Thus, the constant-volume line serves the purpose also of enclosing 
an area representing the external latent heat, and of separating the 
external energy from the internal energy of the steam. 

The indicator diagram for such a case is a rectangular 
parallelogram. 

Case III. Steam at atmospheric pressure exhausted into a condenser 
against a hacJc pressure of 5 Ihs. absolute. 

The effect is the same as though, when the piston had arrived 


\ 


77C3f/ Ti77i>KXI7C07* Y P/Jt PXIJfS, 


m 


jLt tli(^ oxtrein<» diH» t(> tlu^ Vuluiut' of ! lU. »tt* Hti’iiiii iit 

t'ho is s<*('un‘ci, lh«* woi^ht tho 

|»n^ssiir<* and a otm third its si/i* pla«‘f'd on tin* 

piston (Fi,i(. .’H). 

Horo tlio stoain will (M»ndt‘!is<‘ at. «‘tiii,siant vohniio til! tin* liroMsiir** 
falls to o Ihs. cm tht^ Htpuiro inolt, whrn thi* piston will hr^in to fall 
and thf‘ vohuao la dforoaso, and, if iho oiKdin^ ho oont ininah flit- 
wholo of th<‘ stoain inuv h«* r«*din***d to I Ih. of walor at M'i hahr. 

Hriit lont hy wutor j ... ... ... ,,, |Hioo 

lulfrnui ... ... ... ... ... ... . , 

A oxtoriiiil work \ of 72*a ... ... ... . . ;!!•! 


I*nt; i; 


I'lu* indicator or /ir tlia^rant for this cu.hc is rcprc:si*nt rd liy .'l;h 
'Idle in‘(*a.s A + rcpn‘scnt iht^ total work difto* ; aroa A nsofiil 

Work, and area H w»»rk again.Ht hack 
prt'HHurt*. 

'The heat quant it ioH involved nrr 
illustrated !w ihe ti‘in|ierat tirr* mf ro|w 
<lia»4raiin Kirp dd, wfn-re area A t'oin 
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eides with A, Yi^. d’j, area ft wif?i 








Vm. :i:t 


B, .12. When I Ih. of ^hmm eomlenMes nf ron^fant voltiine 

front ir»lh..H. to fi Ihs. presmir*^ per sqimre ineh, the eontlifion of tlie 
Htc%m during the prcHaxss, or the path of tlie state jMunt, is i raced 
hy ib* conHtaiit.^vohiine line ft. At e the Wei^dit. of ;.t,eain 
mnandn^% namely, ee 4 - r/^ Ih., eoniinttes to lie etmden.Msh init, m* 
longer at eonsiant rttiitmr, hul. uniic*r eonsiant. pre^Hure of 0 Ihs l^a* 
apiart^ inch, during wldeh tin* line ee h inn-ed hy ;-f.a!c* |Vaiii 
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till tlie steam has become water at temperature due to pressure of 
5 lbs., namely, 162° Pahr. The temperature of the 1 lb. of water 
falls still further to 32° Pahr., and the heat thus given up by the 
water is represented by the area abed. The total heat rejected in 
this case is given by the whole area below the cross -lined portion of 
the figure, namely, the area abcefg. 

Case IV. Shoioing the work done by steam at various initial jpressures 
without expansion (Pig. 34). 

For steam of 50 lbs. pressure, admitted through the whole length 
of stroke and exhausted against atmospheric pressure, the work done 



per pound is shown by the shaded area A. The value of this area in 
heat-units may be obtained by direct measurement with the plani- 
meter, or it may be obtained from the steam Tables, thus : the 
external latent heat of steam at 50 lbs. pressure is 77*7 ,* the external 
latent heat of (ac -f ag) lb. of steam at 212° = area tac = 72*3 x 8*4 
^ being the external latent heat of steam at 212° 
bahr.y fc the constant-volume line for 8*4 cub. ft., and 26 the volume 
in cubic feet of 1 lb. of steam at 212°. 

Then the shaded area A = 77*7 — 23*4 = 54*3 heat units, and the 
ethciency of the steam = 54*3 -f- total heat of steam at 50 = 54*3 — 
1167-6 = 4-65 per cent., reckoning feed-water at 32°. The remainder 
passes away to exhaust; namely, 1167*6 - 54-3 = 1113*3 heat-units. 

It, now, the pressure were raised to 150 lbs., and still worked 
without expansion, then the work done per pound of this steam, 
exhausted against atmospheric pressure, is represented by the area B 
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preHHure. The Iuhs |Mn' jmhuuI t»f Hteiiiii, dm* te the bark ]»reN.Htire «»l* 
the atiiieH|>le^re, with the higlier preHHure of linJ lli.s., riiuo-ely, tiie 

trian|(»Iar art*a ri/d, i.s !<*.sh tiiau the area #e’b whieh in thi* rliie 

to at uiospherit* hark prensare per poiuai of hivum at lbs. |aeH;4irr\ 
'riie loHH tt> exliaUHt in lltU'2 — 7-1*7 lllthri heat iiiiUs4, tir iie-arly 
tlie Haaie an before. 

If Htiiun at latt lbs. pres-Hure oeeupyiit^ 2 rub. ft. pi»r had 

lM‘eii iiHed witliout <*KpanHiiui in tlie .Hame rylindt*r whirh |ireiiMiifdy 
roniatnefl I lb. tjf steam at- ett ibs, primsure, ami having a uf 

H‘4 rub. ft., then thf* aetuai work done in tin* rylioder prr uj 

the twt) -riiHeH, m dint iui^uished from tdie Wf*rk dom* prr inmwl ef Hii-'aiu 
will lae ■■ for I ll». «»f Kteam at bb ibs. prisshun^ b b'l « -bi/d-lb' l 

f<Kit ibn., and f<»r {H*l 2*H| lbs. of ateaiu at IbC) It m, prevail n* -s: 

*J*H X 74*7 X 77h ilbijLbeafoot* 

Ibn., orIbHfi timen tlu* imnnmi with 
tlie hi|.(her pressure, and i’hietly 
iHH^auHu a great4n’ writjhl of Hteam 
hiw becui e!iipii»yeti. 

It will Ih’ reimuuberinl that the 
weight td* real <*onHUHieil ilepembn 
roughly spt*akitt|j^, upoti the mUjht 
of water tn‘a|K»ra4ed. 

('hho V. HhmPtmj iht' e//rr/ p/‘ 

mhuj iht* Aram t^rpaaMirrhi tat (hr 
rairmaai af th*' nm'fui'irttrk urru, 
amt cm ihr trtluriittn ([f ihr ptm- 
ptailun tiff thr it da I hr tit rrjrrird /n 
tj’haaA, 

Hjie ease him biam I'hoaeri of 
Hiimnt at CK) lbs. almohde pn*ssi,iia% 

<!Xpa«d«l ad ialiati rally 2, 2, 4, * . . 

Ill tiiiiei, and workiftg tlowri to 
II bark pregaurt^ tif d' lbs. Art*a A. 

(Fig. *ir>) H^presimtH t-he work 
done during adtiimsion, all the 
areas iMUiig immHitrial tlown to 

the tl-Il«. pressure line; area fl represents the gain by two e*i|»iiit' 
sioiiii ; areii (' tla^ gain liy t.hree 4•3cpanHitl^m, and hi'i on. Htese jir»*ies 
fire triirod oil* the teni|H*ri.iiiirirenlropy ebart,-, Hate I. Tlit^ mbieH of 
the re»|M*rtive fireas tire givf*ri iippr«mtmalely in the following tiilile, 
ineifcsiiriHl from the ehari by th-e pliuiimeter : 
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STEAM-ENGINE THEORY AND PRACTICE. 


M’om whicli it will be seen tbat the total work done, expanding 
ten times, is 190'8 -f- 75 = 2*54 times the work done without expansion. 

If a line be drawn (Fig. 35) through the 15-lbs. line of pressure, 
then all the area below this line down to the 3-lbs. pressure line 
represents the gain by working condensing, otherwise lost to exhaust. 



It shows, also, that with steam at 60 lbs. pressure not moi’e than 
about 3J expansions could be used if the engine were non-condensing, 
and worked against a back pressure of 15 lbs. 

Case YI. Showing the effect of adding a condenser loJien steam of high 
initial pressure is used, with and without expansion. 

When the steam is used without expansion from 150 lbs. initial 
pressure, exhausting against a back pressure of 15 lbs., the heat 
converted into work is represented by area A, Fig. 36. If this 

steam is exhausted into a condenser, 
the additional work done by the 
steam is represented by the area D, 
which is only a very small proportion 
of the total work done. If, however, 
the steam is worked expansively, 
expanding from 150 lbs. down to 
15 lbs. without condensing, then 
the useful-work area is increased 
to A 4- B ; but, to permit of such 
expansion, if the weight of steam 
used is exactly 1 lb., the cylinder 
must have a capacity of about 22*5 
cub. ft., instead of 3 cub. ft. as when 
used without expansion. Further, if 
a condenser be added, and expansion be carried down to, say 7 lbs., 
and exhausted against a back pressure of 3 lbs., the additional work 
done is represented by the area C. To expand the steam down to so 
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low a |tn\ssiirc^ a.s 7 Ihs., tlu^ (.‘apafify of tlii' fyliudi*!' iiatHt l*o in- 
cnMHed to about. 41 cub. ft. (huo Phito I.), 

From this it will b(‘ stam htov tho u.softil wiak ul»taim*il por |%i*tiittl 
of stoa.m has Ihhui iiicroastsl by raisin*^ tho initial pro>.^airo niai t«i.- 
pamlini^^ as much as possiblt^ ; but tin* gn^ator tin* **?i|»Jiio4oin th#* 
larger tht* capa.city of cylinder nMpnrcd to coiitain the samo^ 
of .st(*nui at tlu^ low t(‘rjuiiuil pressun^ before it is limdiy 

I'he iiidi(*at-or <»r pr diat 4 ;ra,m for su(*h a ease is re|>resei 4 teii by 
Fie. d7» and the reference lett.ers eorne»pomi in the diaifriuiis 

d(> ami ti7). 

The ‘‘State Point'' of the Steam. -If any point bi* takem ns 

/n Fii^. .'IS, <ui tin* temperature imt ropy ehart, I Inn# tliis pidnl 
determines tin* condition of the steam as to tempera! ur**, pii*vaire. 
dryness, volume, a.nd itds*rnal etn‘r‘ry. Thus, the Itori/onfa! n^* 

throU|4h p i'ivt'H tin* tejapt‘ratiire ami pressure; also op nt fhr 
dry!H*ss fraction p(*r poumL d'lie <*onsianl \olume lifie throii^^h [* 
j^d\‘eH tin* voltime of tile .Htea,m present us sti'am. ‘rids voluim* is iilno 
<*«pial to the Volume per pound X up -p uA at. tin* pres.:'4ire |j;iteit l»y 
tin* hori/,ontai throuuit p- 

din* conHta.nt •volume line al.so separates tin* «*\termd energy H 
fr«»m the internal ener’i^y I, the ar<*a shaded iie!o\^' the eon-.taiit 
volume lim^ am! hetwet*n tin* viTtieais flrawn from ami d:? ri^pn- 
aentinx internal emu’gy In the. steam at n-ekomni ft'oiii 



Tim ariui npe - H m tin* heat eonverttnl into wtirk during bmififilioii 
of (ftp ah) 111 . 

'I'Ik. area I - 11 - f I. x , I’!, •: ) 

at* '• nil / 

where H = biial lieat t»! 1 li). of Ht4'*am at t-mupeniitiri* n. 

L = lafctmt „ 

Kj = t'xiernal Inti*nt heat ,, 

I inti^rnal energy of steam at state point p. 


S4 STEAM-ENGINE THEORY AND PRACTICE. 

Work done per Pound of Steam during Admission and Expansion. 
— 1 . RefeiTing to Pig. 39, it will be seen that the work done (U) in 
heat-units per pound of steam during admission at temperature Ti, 
with adiabatic expansion to temperature To, and exhausted at that 
temperature, = areas B + C ; or — 

U = area (C + B) 

= area C -f area (B + A) — area A 

= L/-^^^H-(Ti-T,)-T,log, . . (1) 

assuming the specific heat of water at all temperatures = 1 , and 
Aj — = Tj ~ Tg ; or approximately — 

U = + (T, - T,) - . (2) 

The formula given for the latent heat, L, of steam is 1114 — 0*7^ ; or 
if i be expressed in degrees absolute temperature, then — 

1114 - 0‘7< = a; - 0*7(^ + 4:61) 
ic = 1437 

or L = 1437 - 0*7 T 

The formula ( 1 ) then becomes — 

U = (1437 - 0-7T,) ( ) + (Ti - T,) - T, lo-. (3) 

2. To find the value of U for a case where the steam expands 
adiabatically from T^ to T 2 and exhausts against a back pressure T 3 , 
as in Pig. 40. 

U = (1437 - 0-7T0 ( ) + (Ti - T,) - T, log. 

, 144(b-,.)Y. 

The whole of the expression, except the last fraction, represents 
area A, Pig. 40, and the last fraction represents area B. The full 

area = A + B + may be 

obtained by substituting Tg for T 2 
in equation (3). The difference (A 
+ B -f C) — (A -f B) = area C, 
which is usually rejected, because it 
does not pay to expand so far. 

In equation (4) all the terms are 
known at once except Vg. In order 
to find the value of Yg? or, in other 
words, the volume of steam remain- 
ing as dry steam after adiabatic expansion from Ti to it will be 
necessary to find the value of x, or the dryness fraction, at Tg, and 
to multiply by x the volume of 1 lb. of saturated steam at Tg (taken 
from the steam Tables). 



TF.Arp/':RAi'rfn-:-KNrROPY diagrams. 


55 


.1- = 4- -j!' (HW' I»- -11) 

l\. The w(n*k (loru^ |H‘r jumritl uf wrt nteaiii I’XpantlittK ii(lifil.iiitirfilly 
fn»iu Tf tu T,^ and exhiiusting at T., when the prii|M.»rttoii ut tiry 
Hteaiii to In^^in witli - j*; tht‘n-- 


u - A.P'' + rr, - T,) - r, i-k. !J} 


I",) 


4. Tlu^ folhwiui^ funtiula, Hiuuliir iu ftaiu tt> tlmt l»y liiuikiiie, 

the work chnie hy I Ih. of steam, expanding from 1'^ fn 
the .st<'am remainiai^ utttiu'dtt'd or at eonstant steam weii^lit diiriiiK 
expansion, 'rhis n*Hidt mii^ht prtMluetHi by jaeketiim^ 


V 1 l:i7 Uiix, 


T. 


O'TiT, -«T,) + 


Vc p. 


‘TH 


Ar*'.t A. As*'i4 a 

(1'%. 41) wlu're V volume of I lb. of saturated steiiin at pressure 
p,. If iln^ Httmui expancis down to p. ami i/xhausts at p,, ilien the liiiii 
fmrtion disappears fr<»m the eiptathm. 

5. The saim^ n*sults, as alrt'atly i^ivei^ 
may Ih’ staitai in a* somewhat different 
form ; thus, tlie work done during inlia 
batie expariHtim |ier p^antd of steam is 
done at the expenst? at* the interna! 
enerKy of the steam, ami the ex pres- 
sionH for the int<vrnal emuxy nr<' 
foiltws — 

At begiiminir of expansimi /i, + •#’jp} 
at tmd of expauHi'On T 
heneo work done during expaimion is isimd to the dilf«»ri*m*e of liiese 
twti i|uiuitiuf^s d(Aj — 4“ ^TjP, — Xfig) ftwitdlw. 

wh<.*re »!’ =? 77H. 

Then, to find the nei wa»rk C’^ done |«*r pound of steaiii iluriiig 
admisHion and adiabatie expansion down to Iwe-k ^treHsiire Itm*^ mitl 
exhauHting against haek pressure wliere Xj I 

work thine dtiring adiiUHsion ^ p,e, : 
wmrk done during expiiimion - .l(pj — T A* — AJ 
work done (hiring exhiiuat •" p^xe^ 

(T = - jjw, f - A, - ht) . . n ) 

Nom— /), 4- " Si, whoro/j, inffnia! Jiihtut t*!'*! ~ <’*■ 

if *1 

tornal work in and L, s-s laU-nt hi’ut. jiur {ntHud uf aJ«»jn 

at proBsure p, ; then — 

U 5= J(Ij, — jCjLj + f>i — Aj) fiKit-Um. 




0 


A 

B 
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STEAM-ENGINE THEORY AND PRACTICE. 


But by equation, p, 45 — 


Substituting in equation (2), and expressing in beat-units — 


U= L, 


- T, loge + 7^1 - 7*3 


( 3 ) 


?- 


~/ji ~ -^2 r£^ 

Flow of Steam.— When steam flows from a vessel A (Fig. 42) under 
pressure into vessel B against back pressure po, then the total 

internal energy of the steam at pi 
^ I before expansion = 4- ^ipi »' 

] ^ B »2 after expansion adiabatically to some 

i 1 less pressure po) internal energy 

Fig. 42. = -f a^sPo. The work done upon 

the steam in AB = x^ViYi, where Vq 
= volume per pound at Pj. The work done by the steam in AB 
against Pq = ir^PaW, where Vo = volume per pound at pa- 

If Vi = velocity of the steam at beginning of expansion, and v.^ = 

velocity at end of expansion, then = the gain of kinetic 

energy of the steam; and energy supplied •= energy remaining 
+ energy expended ; therefore — 


J (hi_ + Xjp{) + aJiPiVi + ^ = J(^o + ^»2p2) + ^’2^ '2^ 2 + 


2g 


If the initial velocity is zero, then the final velocity is obtained 
from the following equation : — 

/.I 2 • 


29 


= J(Ai — Ao 4- ^iPi — ^!2p-^ 4* ^iFiVi 

= J (Jli — ^2 4" X>^.2^ 


ajgPsYa 


Thermal Efficiency. — Steam-engine efficiency may be expressed in 
various ways ; ^ thus — 

1. The proportion of the total heat supplied which is converted 
into useful work is called the absolute thermal efficiency. 

2. The ratio between the heat converted into work in the actual 
engine, and that which an ideal engine would convert into work 
when working between the same limits of temperature, is called the 
standard thermal efficiency. 

The standard thermal efficiency will evidently depend upon the 
particular kind of ideal engine cycle chosen with which to compare 
the actual engine, and this is a matter about , which there is much 
variety of opinion. 

The efliciency of ' the Carnot cycle ideal engine will be made clear 
for the case of steam by referring to Fig. 43. Considering the 
case of 1 lb. of water raised to the maximum temperature Tq and 


^ See paper by Captain H. Eiall Sankey, Proc. Inst. C.E., vol. oxxv. p. 182. 
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into stnam .at tha.t 
stnam is su|>}>ii(H[ 
s(*nt<‘(l by tiin niovcaiunit 
of ili(^ tiguro till p 


ihrou^hont at 


right 



itanpomiun*. During evn|H»riition thf^ 
ih(* (‘(uistaiit toniporat uro rt»pri* 
[>!' tlio v<*rtical lira* tlirotigh p towartls iht' 
c’(»iiu‘i(h‘H with Z*, aiul t‘«»rn*s|KHHiing with 
adinissioii liin* ah in I‘"ig. 4 1. Art'itH 
(• 4* D E‘t‘pr<‘st*nt tin* hnat units at ft lot I s- 
tln^ latt*nt Invit t»f ovaporut i<ui at I'j. 
Tin* .st(*aiii Ls tlnai oxjiainhal ntlial^at ioally 
(It)wn to tin* ltt\v<‘r limit t»f ti*iiipiTaf uri* 
4', rt‘pr<‘.s<*ntotl Ity tin* lino km (Fig. 
and he (Fig. 44). Dnriitg tin* return 
Hirtikt* (tf tin* pi.^ton, .suppttso that tin* 


a 


h 


Fa;. It 


^ d 

< . • 

Far 4:t 

Hienm is now (•oiHl(‘nKO(i within tin* <-vlin(h*r it.solf hv e*ou|ing m, that 
when t.lid Ims rct(inic<l .iluii}; (li.* liiir nt )h,’. 

has hem n-(lu.-,'.l to vH^ rn of the voluiii.. of 1 ||,. of at T ; 

tfioti tlio h(*at ahsf racted hy <’(Htliiio oiitial (o afcii I). 

Th(f last step IS now (o eunipress, if possible, tlie mixture of wieaui 
ami water enelosed ns n.piv.sented hy da (Ki«. .}0. „nd alone the 
adiahatn- Inn* Hp (hig. 4d), so that it mav h(*ooino I Ih, of wator rniaal 
ir(»m tomporatun^ T, iu T, hy tln^ work of oompivssioii ; thn hm% 
.supplj(‘(l hy iho i'oinpros.sion hi*ing otjual 
to Mn* aroas A 4- Ih 4’ln*n tho hoaf .nup 
pliod (luring tin* <T(*h* ar(*nH 4 D ; tin* 
ln*at r('ji*ct<*d ;r area D; tho ln*at con 
\(u't(*d into work hy a p(*rf(*c’t (*ngirn* 
working a(H>onling to ihi.s cyolc (?. 

Thcn*for<^ tin* (*tlifi<*ncy of tin* ( ’iirnot <’ycln 

(' + l> T, 

It will 1 m* noticenh how<*vcr, that in the 
.steam <*ngin(^ tin* portion (»f tin* cycle re 
prcs<*ntcd hy tin* fourtli H(t»p^ iiamcly, 
adiahatic compressiorg is very impcrfcc-tly 
pc*rfonin*(h lM*ca,us<* in tin* actual engine 
only tlie .Ht(*am n4,ained in tin* cylinder 
at h(*ginning of ^ c( an press! on, nainVly, rx 
’-rtn of I Ha, is actually c*(anpr<*.‘^.H<!d ; the 
exhausted and (*ond(*ins(*d at t<*mp(*raturc* ^r*i 
addition of }n*at from tln^ lauler. ■ 

iruuit is shown hy ]*lg. 4'r). 



muaimler, ha^irtg 
, mu.st he In*at(*d to 


Keen 

T, hv 


i In* t*llici(‘m*y of such an aiTangC' 
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STEAM-ENGINE THEORY AND PRACTICE, 


If the ideal engine expels the proportion sw rn of its steam (by 
weight), heat has to be supplied to the boiler to raise the -temperature 
of this portion of condensed steam from to T^, and this heat is 

represented by the areas E + F, where st=:?^x sr. The absolute 

rn 

efficiency of such a steam-engine working with compression of a 
portion only of the steam supplied 


C + E 


C + E + E +D 

which is less than that of the Carnot cycle, though greater than if 
there had been no compression. 

The arrangement of heating the feed-water by doing work upon 
it is known as the dynamic feed-water heater.’' 

The Clausius Cycle ^ is described in four stages as follows : — 

1. Teod-water raised from temperature of exhaust to temperature 
of admission steam. 

2. J^vaporation at constant admission temperature. 

3. Adiabatic expansion down to back pressure. 

4. Ilejection at the constant temperature corresponding with the 
back pressure. 

These stages are represented in Fig. 46, thus : Tg is the tem- 
perature of the feed-water and of the exhaust steam ; area A -j- B is 

the heat added to the feed-water to raise 
it to steam-admission temperature, T^. 
Euring evaporation in the boiler, C -f I) 
is the latent heat added per pound. The 
expansion being adiabatic, and being con- 
tinued to the back-pressure line, the 
corner m in Fig. 46 is sharp, and coincides 
with c (Fig. 47). Compare with Fig. 49, 

a h 



Fig. 47. 


where the expansion is not carried down to back pressure. The 
last stage is do condense this steam at constant temperature Tg by 
abstraction of heat D -f A during the return stroke of the piston, 
till the 1 lb. of water is returned at the original feed-temperature, 

The heat converted into work by a perfect engine working under 
these conditions is represented by the area C + B ; and for the 
Clausius cycle- — 


This cycle has now been adopted bv the Inst. O.E. as the standard of com- 
parison for steam-eogines, and is called by them the “Rankine cycle.” it having 
been published simultaneously and independently by these two investigators. 
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Absohitt^ tlu^rinal oflicioiicy = 


B 4- 0 

A 4- B + (J 4" I> 


0 


ThiB Gjdo m evidently Iosh efficient than the (^arnut cycle, (i ^ j) 

Tlie Eankine dry steam cycle diflers from tlu^ cnausiuH cych^ - 

(1) By acidition ttf heat te th(‘ cylinder to nniintaiu th(^ nteam dry 
tiircHif(!i(Hit the* |H*ri<Ml of <‘xpansion ; 

(2) By not carryin»< the* c*xpa!i.si<Mi S(» far as to the hack prcHSiiro, 
hut ceuHing the* c*xpan.sion at scuiu* pressure* highcu* than the hack 
prc*Hsnrc* p;,. 

These c*l!eets an* illustratc'd in Ki^. 48, vvlH*r(‘ diirin^^ (‘Xpansion 
h(‘at has hi^ui add<*d, niakii»ji( Kw tin* (‘xpaiisiori linc^ inst(*4id of K/a, 

t he* addit ional hemt fnun a jackcst or ot lun* 
sources h<un/ij n^pn^se.ntc'd hy the ar(*a, 
hkntj. d'his athh^d lucat has hcaui Hufficiemt 
t<» r<*nder the* stcsain dry duriujL^ expansion, 
and to cause* thc^ expansion line to coin- 
eid<^ with th(^ Hid uratcai-Htenni Hn<*< ; hut 
it will hc( scaui that the* eilicienty of this 
h«*at is vc*ry low, hewing ai/ca-f- hhii/. 




Fin. Ul 




The t*i!eet of inetuupleie exparmion is seen hy tln^ area lost. heiw(*en 
the slnwied area and the hack prtwsure icmipt'rature line through T.., 
showfi dotted. 

Weight of Steam required per Hour par LH.P. hy the Ideal Engine. 

qiie nunihiu* of f<w*i pcainds of.w'ork p<‘rforined |K»r hour pen* horsey- 
power ; :ffidKlO X Bd l,imtl,OUt); or in hc*at-unitH, l,h8(),(M)0 -f- 77H 
55 254o. Tiien, if H the number of units of heat eonv(‘rted into 
Work pi»r |M>und of Hteain, and H ^ the pounds of steam rtMpdnsl pf*r 
lior«e-|>ower per hour - 

2547) 

8 - Jj Ihs. 

from whicdi the wedghi of st4*ain per I.ILP. |H*r hour for tlie ideal 

engine can he calculated. 

In priMdice, owing to various losses, soma wt*ight of steam, W, 
greater than H is always ri.H|uire(l. Then efficiency of the engine 
= E = B 4- W. 



CHAPTEE IV. 

THE SLIDE- VAL VE. 


The slide-valve, as its name implies, is a valve which slides to and 
fro, opening and closing ports or passages for the flow of steam to or 
from the cylinder. 

The functions to be performed by the valve include (1) admission 
of the steam to the cylinder to give an impulse to the piston ; (2) 
to cut off the supply of steam when the piston has travelled a certain 
portion of the stroke; (3) to open a passage just before the com- 



pletion of the stroke, for 
the escape or exhaust of 
the steam from the cylinder ; 
(4) to close the exhaust 
passage before the piston 
reaches the end of the re- 
turn stroke, to secure a cer- 
tain amount of ^^cushion- 
ing.’’ 

Lap of a Valve.— : The 
amount by which the valve 
overlaps the outside edge of 
the port when the valve is 


. .. 1 . -j 7 . ' ^ middle of its stroke, 

IS called the outside lajp (see parts o, o, Kg. 60). Similarly, the 
amOTint by which the valve overlaps the inside edge of the port 

ST-t Ss ?o;' ““ 

Lead of the Valve.— “Lead” is the amount by which the valve 
(srKre^ of its stroke 

The way m which these various functions are fulfilled for both 

the forward and backward strokes of a double-acting engine may be 
seen from the Figs. 51-54. oiiguic may oe 

Mg. 51 shows the valve in its middle position and closing both 


Kg. 52 shows the piston at the end of the stroke, and the valve 


niE SjJDhEVALVE. 


6r 


just tht* stfani port to admission of steam. This port 

opcvnini^ is tlu* had. 

Fig. hIiows thf* sHdt* valve at- the eu<l of its strok(‘. It does 
not niH*(‘ssaril y opcui tlio steam port hdly for admission, but it 



Fui. rn. 


always opens fully in exhaust wdien the valves i.s at tln^ end of its 

travt*!. 

Fig. 54. Here fhi' pinttin is at the other emd of its strokes, and the 
vaivi» iias opened tin* op|Mmit4* port by an amount e(|ual to the*; I(‘ad. 
Doubla-portsd Slidi-valvo.*- For large (*yiin{U‘r.H, HiU'h as tile low- 


I 
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STEAM-ENGINE THEORY AND PRACTICE. 


pressure cylinder of compound engines, the travel of the valve ib- 
order to open the port to supply sufficient steam would be incon- 
veniently great. To reduce the travel, and thereby also to reduce 
the work to be done by the eccentric in moving the valve, the double- 
ported slide-valve is used, as shown in Fig. 55. 

The steam-passage P of the cylinder terminates in two 
instead of one, and the steam-ports are each made one-half the width 
which would be necessary for a single port, and the travel of the 
double-ported valve is therefore only half that of the common valve 
for the same total area of port-opening. 

The valve is so constructed that, when in the middle of its stroke, 
each of the four steam-ports is covered by an equal inside and 
outside lap, though scjme modification of this is made in short-stroke 
engines. 

The steam-admission and exhaust arrangements are equivalent to 
that of two separate simple slide-valves. The steam is supplied to 



the inner admission edges of the valve by passage S, S, cast in 
the sides of the valve, passing through from side to side, and 
communicating with the cylinder when the valve uncovers the 
ports. 

In large engines with a single flat waive the total pressure of the 
steam on the back of the valve would be so excessive, unless reduced 
by some means, that the load thrown on the eccentrics and working 
parts of the valve gear owing to the friction between the valve and 
cylinder faces would be a serious drawback to the efficiency of the 
engine. 

To reduce this effect, an equilibrium ring, E, is fitted to the back of 
the valve, as shown in the figure. The ring is fitted in a circular 
groove, and fits steam-tight against a. circular planed surface on the 
back of the valve. It is set up to its work against the valve by set 
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n*WH pas.sin|< thnnii^li tin* <‘(iv<ir, wliic-h act against a spring, and 
can bt* adjust <‘«i fmm ilu* outside. 

The internal spai-e InUwtuuk the ring and tlu‘ cover is eonnecttxl 
with tlit‘ (‘xhaust pi|»e or i'ondiuiHer, and hence a considtu’abh? ptuTion 
of tlie toiaj pressure on the vahu* is nuian'cd. 

A similar arrangiunent of tMpdlibrium ring at Iht^ hack of tht% valve 
as ustal in some loeonudives is shown in Fig. ht). 



Fin. r»u. 


Th6 Piston Slido valva is a form of slide valve which is ustul for 
high-prcHsnre Kteam, to avoid the loss (hu» to tin* friction of the 
ordinary Hat valve. The piston-valve as in fHadeet mpiilihriuiu an 
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regards the Hteiini pressure, aiul is much used for the higli -pressure 
cjliritler of trifdti^axpansion engines. 
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It is not used for the lower-pressure cylinders, because the dimen- 
sions of the valve to give the required port-opening is large relatively 
to the dimensions of the cylinder itself. 

The chief disadvantages with this type of valve are (1) the loss 
due to leakage of steam past the circumference of the valve into 
the exhaust passage; and (2) the large space, owing to the 

volume of the steam-passages being necessarily great with the 
piston-valve. 

The example given in Fig. -57 shows the valve removed from the 
valve chamber. The valve itself, PV, consists of a double piston, 
the width of the pistons being the same as the width of face in an 
ordinary flat slide-valve, and being sufficient to cover the port when 
in mid-position, and to provide the necessary lap. 

The valve works in two short bushes or barrels, B, in which 
passages, SP, are made all round the bush, which form the steam-port 
for admission and exhaust of steam to and from the cylinder accorditig 
to the position of the valve. The steam-port, being in the form of a 



series of openings separated by bars instead of a continuous circular 
port, enables the spring rings, with which the larger types of piston- 
valves are fitted, to work to and fro over the port without catching 
on the edge. The steam enters as shown ; it passes to either end of 
the piston-valve, and, the valve being hollow, the admission steam can 
pass right through it from end to end. The exhaust escapes by tlie 
internal edges of the valve, and passes away by the chamber sur- 
rounding the body of the valve, the reduced diameter of this part 
corresponding to the exhaust chamber of the simple slide-valve. 

Sometimes this arrangement of the steam is reversed, the steam 
being admitted at the inner edges of the pistons from the chamber 
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around tho tniddlo of tho valv<\ ati<l (‘xhaust(‘(l from tlu* outor (‘IkIh 
ami through tlu^ iuttu'ior of (lu* valv(‘. Th<* laticu* arrung<un(‘nt is 
a<lopt(*d in soiiu* oasos witii supta’lioatod Htt‘ain. 

The Eccentric, Fig. hs, is a disc fixod on tho crank shaft iii such 
a nay that* the centrt* of iht‘ <lisc is t*cccntric, o!* of c(‘ntr(‘, ^ with 

the eonirc of the shaft. k’ig. hi) shows that. tin*, motion irans- 
initiod I»v an cccontric with an occont I'icity ( c(|uiNahait. to that 
ohtaincKl fn>in a small cratik \vlu*ro. nidius is r Cl^k 'Pht^ disc is 



tanned tho H/u’firr of tho ociMud ri<% ami is madi* in Italvt s, tin* halv<‘s 
IwinK Hoourod l»y holts and split <*ottors as sh(»wii. Tin* hand Hur- 
rouudiuK tho shtatvo is cfdii*d tho nirav, Tho shoavo rotates inside (in* 
strap ir» tho Hitnn^ vvay as tin* orank-pin ro(ut<‘s in tin* t*onnocting» 
rcKl homl. Tho cc«*ontrio rod is attaohod to tin* straj), and tin* 
Hlido-valvo roooivos a rocipro(*aiing nioti«m from it, similar to 
that r(H*oivod hy tin* pisttm fnun tho orauk»piii, hut on a nnluc'od 

Tho awjh mlmnee tho c*€oontri<T is tin* angh*! in oxo(‘Hh of IKf 
which tho ca*n*tn* lim* of tho occontrio is in advain*o of (ho oontn^ line 
of tho omnk. 




Thus, in Fig* 00, OC1 is the crank-arm, and OK the line pissing 
tiirougli the contn.* K of tlie oc"<*entric* 

F 
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Then the angle AOE = ^ = the angle of advance 


To find the angle of advance of the eccentric, having given tlie 
travel and the lap and lead of the valve ; With radius OE (Fig. Gl) = 
radius of eccentric, or half travel of valve, describe a circle about (). 
Produce the centre line CO of the crank through 0. Set off Oa = 
the lap of the valve, and oh = the lead, and from raise a perpen- 
dicular to cut the circle in E'. Join OE'. Then EOE' is the augici 
of advance of the. eccentric. 

Let 0 = outside lap ; 
i = inside lap ; 

Zi = outside lead ; 

Zg = inside lead, or lead to exhaust ; 
p = radius of eccentric ; 

B = angular advance ; 
a = any angle passed through by crank ; 

D = valve displacement from mid-position ; 

0 -f~ Zj = 2 Zg. 


From Fig. 61 BinO = + ^ 


0 + ^1 


% 


h 


radius of eccentric p ”“ /> 

p sia 0 - o; = p sinO — L 

Valve Displacement for G-iven Angular Travel of Crank.— Let 

crank C (Fig. 62) travel tlirough 
angle a from fts dead centre; then 
the valve displacement— 

Oh ?= OE^ cos E^06 = p sin (a -f- 6) 
Opening of port ) . / , an 

to steam c = p (a + 0) - o 



„ To find the Position of the Piston 

for any Position of the Crank.— 1. 

j . When the length of the connecting- 

rod is very great compared with the length of the crank-arm. 

Then, if ah (Fig. 63) represent stroke of piston, and r = radius of 
crank, a perpendicular let fall on ah from crank position c gives a 
point m as the corresponding position of the piston. 


Om = r cos 0 
am = r(l — cos 6) 


But if the connecting-rod be comparatively short compared with r 
as IS the case in practice, then, in Fig. 64, let ab be the path of th(’ 
piston to any scale, and aOh the crank-pin circle. 

With radius equal to the length of the connecting-rod, and from 
a centre on 6a produced towards a, draw an arc, st, touching tin* 
centre o This may be termed the mid-travel arc ; and the displace- 
ment of the piston from mid-stroke for any position, C, of the crank- 
drawn parallel to the line of stroke, ab. Take also some 
Other position of the crank, O'. Then the displacement of the pLtZ 


THE SLIDE- / :•/ /. VK, (>7 

from its mid-positioii = Ci\ Ares C/ and drawn with radius of 
eo nn ee t ing-rod 

from eenirc^ on ha | 


])n>diieed, also j^ive 
tlu*. pistt>n (lisplae(i- 

.......ts ()/_aml 0,J Connex-tlnQ 

= and ( r re- 


.sp(H‘tively. Tlu^ 
distanet^ m iiiea- 
suroH th<^ devlailtm 
of the piston for 
p(hsitions C? or (1' of 
tiu^ crank <lue to 
the obliquity t»f tiu* 
conn<^ctin^«r< hI 
Zeuner Valve 
Diagram.' T h is 
diagram was first 
pro|Mmed by Dr. 
Ztnmer of Drestlen, 
and, owing to its 
gr(‘.at (!onvenien<‘e 


Mod 
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and simplicity, in very much used. 



It will be best understood by reference to the following tiguiw 
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In Fig. 65, let db be the travel of the slide-valve, Oa the crank 
position, and OE the position of the centre line of the eccentric, 

having angular ad- 
vance B. Then a per- 
pendicular, Ec, on ah 
gives Oc, the distance 
of the valve from its 
mid -position. If the 
crank-shaft move round 
on its centre so that a 
passes to and E to 
El, and Oc' is the dis- 
tance of the valve from 
its mid - position for 
eccentric position OEj. 

Instead of the crank 
Oa and eccentric OE 
moving round the cir- 
cular path, the result 
will be the same if the 
line Oh be supposed to 
move in the reverse 
direction as at h^, 
etc. (Fig. 66), and per- 
pendiculars Eci, Ecg be 
drawn as shown. Then 
all the angles OcjE, 
OCgE, etc., are right 
angles, and therefore a 
circle drawn upon OE 
as diameter will pass 
through the points Cj, 
Cg, etc.. (Fig. 67), and 
the portion Ocj, Ocs, 
etc., of the lines inter- 
cepted by this fixed 
circle gives the dis- 
tance of the valve from 
its central position for 
any position &, &i, 
etc., of the crank. 

The Zeuner diagram 
is here given with the 
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Fig. 65. 



Fig. 66. 


particulars usually re- 
quired marked thereon. 
The connection be- 
tween the valve diagram and the indicator diagram is also shown. 
In Fig. 68, the circle Rj, Rg, etc., is drawn with radius ORj, equal to 
half the travel of the valve. The outside ‘‘lap circle” is drawn with 
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radius OV = the outside lap. ’Distance YP is set off = the lead, and 
the perpendicular PPg is raised to cut the travel circle in P2. Then 
P0OR3 is the angular advance 
of .the eccentric, position of 
crank being at OA. On PoOR^ 
draw the primary and second- 
ary valve circles on the di- 
ameters OP2 and OR7 respec- 
tively, as shown. From centre 
0 , with radius OW = the in- 
side lap, draw the inside lap 
circle. 

Then the real position of 
the crank is OA for position 
OP2 of the eccentric, and for 
rotation in a clockwise direc- 
tion. If these positions re- 
main fixed while the radius 
ORj rotates in the opposite 
direction, the result will be 
the same as though OA and 
OP2 rotated iij the true direction, as already explained (Fig. 66). 

Then, if OR^ be assumed to be the position of the crank at the 
commencement of the stroke, the length OP, the part of ORi intercepted 
by the primary valve circle, is the distance which the valve has moved 
from its mid-position ; and this includes OY, the lap, and YP, the port 
opening, shown shaded, and which is, in fact, the lead of the valve. 
The opening of the other port to exhaust at the same instant is given 
by the length DWg. 

If a radius be drawn through B, the intersection of the valve circle 
with the outside lap circle, OR is the position of the crank when 
admission of steam begins-^namely, just .before the crank reaches its 
dead centre, R^. Continuing the rotation of the crank, on reaching 
the dead cenbre the port is open by an amount YP equal to the lead, 
as already stated. The valve now continues to open the port wider, 
until at the position OP2 of the crank the valve is at its maximum 
distance from its mid-position. The valve now commences to return 
towards its mid-position, and the port is gradually becoming more and 
more throttled till the crank reaches OR4, where the outside lap circle 
intersects the valve circle. The port is then closed, and cut-off has 
taken place, the expansion of the steam in the cylinder commencing 
from this point. Expansion continues till the crank reaches ORg, 
where the insid6 lap circle cuts the secondary valve circle when the port 
opens to exhaust. Rg drawn at right angles to OPg, or tangent to the 
valve, circles, is the position of the crank when the valve is in mid- 
position. 

If the valve had no inside lap, then Rg would be the position of the 
crank when the exhaust port opens, and Rg continued across the 
diagram would give the position of the crank at exhaust closure \ but; 



Fig. G7. 
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when the valve has inside lap, a circle is drawn from centre O with 
radius equal to the inside lap, cutting the secondary valve circle. 
Then crank positions obtained by drawing lines from centre 0 
through the intersections of the inside lap circle and the secondary 
Valve circle give the positions of the crank at exhaust opening and 




closing respectively. At M the port is fully open to exhaust ; at 
E 7 the valve has moved a distance QR^ past the edge of the port, thus 
leaving the port wide open to exhaust till the crank reaches ON, when 
the port begins to close till Eg is reached, when compression of the 
steam remaining in the cylinder takes place, till the port opens again 
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for I’o-adiiiissio!!; (d strum. ^Fhr art* tliiit W Q 

width of 

Beuleaux or Reach Diagram. Tin* foUowiii^ diuixmni is known a. 
Urulrjiiix s diuL^ruui in (lrrmiuiv\ and Hrrrh's in Franrr. 

Mrft*rring ttl i\i\ if thr rrrrntrir hr lurnrd hark tlu'ou^d* 

an iiui^UHK thrn tlu‘ valvr would hr in iiiitl-jHt.sit itm, and tht* rrank %M>tild 
Ih‘ at an aii,L(l<* 0 hrhind its drad r<‘iitr<‘. In t»lt» lt*i I hr .sainr rirrlr 
n‘pn‘St*nt tln^ path both <»f thr rraidc-pin ami of thr rrrrntrir rrrjfrr, 
(*arh to ditlrrrnt srairs, 'fhrou^li thr rria rr of tin* rirtdi* draw I>lh, 



niakin^^ an anuli* tltr atti^uliir advanrr of thr rrrimtrir. llnni. 
as t‘.xplainr«i ahovr, It is tin* position ot tin* miidi %’*i!irn thi* vaHi* in. 
in niid^pcmit ion, and is rnllrtl tin* inifl fHrdt i«a4 linr. For any 

ixmition 0 or (/ of thr rrattk, thr fitHpljirrinrnt- of thr vah’r from 
inid-poHititai ~ Chii or C’7.’ drawn prrp«*ndir«{iir t*» Fly, Itraw SS, 
parallrl to and at a distanri* front it l»nt^4d^■* lap ■ iiiifl ilriiw 

KKj parallrl to IHh^ '**> distam't* from it innid** lap ■' i. 

Thrn for tn’ank position (h tFf* Irni^ih Fii th»‘ p«ai opmiiny !»» 
stnam wdirn thr valvr has travrllrf! a disfann* ( from flir rmifn’. 
For c*rank |Mi.Hition C.f tin* rxhaust^ fort is oprn^ (’7* »*- i\ and tlir viilvi* 
has travrllrtl a distama* F7‘ from its mhl |w*sition. 

Thr (liagraui rrfrrs to nni* «idn of tlir piston onl}% and thi* 

obli<|uitj of ilia ©cctmtrie rml iind connrrting nab 
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The lines drawn at a distance P from the lap lines represent the 
width of the steam port, showing on the steam side the port is not 
fully opened, while on the exhaust side, in this case, the valve travels 
beyond the edge of the port. * 

When the crank tuims clockwise, S is the admission point, Sj = 
the point of cut-off, = opening of exhaust port ; E = compression. 
The perpendicular let fall from A on SSj = the steam lead, and the 
perpendicular let fall from Aj on EE^ = 'the exhaust lead. 

This diagram teaches most clearly a number of facts of importance 
in practice. Por example, suppose, on a given engine, the lap of the 
valve was decreased by removing a portion from the outside edges of 
the valve ; then the effect would evidently be to cut off later in tho 
stroke, which would no doubt be the object of reducing tho lap, 
but it would also increase the lead, which would probably be an 
objectionable feature, and this could only be prevented by altering 
the angular advance of the eccentric, in other words, by making tho 
angle 0 less, until the lead was the amount required. The ehbct of 
this on Sj, Ei, and E would be to make them all later. 

Again, it might be desired to increase the lead of the valvo; altering 
nothing except increasing the angle of advance B of the eccentric. 
The effect of this, it would be at once seen, would be to make all tho 
operations of the valve at S^, E^, and E earlier. 

Problem. — Given travel, cut-off, and lead, to find the lap and the 
angular advance of the eccentric. 
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jL^raw circle irom U with 
radius OC = half travel (Fig. 
70), and draw the lead circle 
at A with radius = lead. Draw 
a line from point of cut-off C 
tangent to lead circle. Then 
a circle drawn from centre 0 
touching this line is the lap 
circle, its radius being e(|ual 
. to the lap required. A line, 
DD', drawn through the centre 
O parallel to the lap line, makes 
an angle B with AAj equal to 
the angular advance required. 

Effect of Obliquity of Con- 
necting-rod.— Taking the case 
of a vertical engine, and draw- 
ing the crank circle (Fig. 71) 


. 1 T , "^6 uircie (ni£. /i) 

to an enlarged scale with diameter AA, (Kg. 72), then the effect of 
a short connecting-rod on the distribution of the 4eam on the opposite 

rS 791 V diagram. %ius 

(^ig. 7^) DDi IS the position of the crank when the eccentric is 90^ 

Ston AkoT centre line, and st is the mid-travel arc of the 
piston Also lap-hnes are drawn parallel to DD„ and at a distance 
from It equal to the outside lap o at the top end and o' at the bottom 
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c/ iin* t.h(*n it will la* ,s<*m that fniiik |H>.sitiuii 

4 tii <)l: nit-ufi tor tin* i(»|» .sid^* of iIh^ piston, and frank |H»si!ii»n 

p(»iui «>i fut, oil tor tilt* iH»ttoiu sitit*. Ihtt t */a is *^roati*r tiiiiii 
In ttthiT wttrds, tla* piston is furthor past ini<I 
on tlif dtiwnst I'okt* at (’ than on tin* upstrt»kf 
d tlH*r«dort* rut «>ti takfs plart* iHtt*r on tlir down 
|ian on tin* upstrokt*, 

3[no<|iialit V of fut'tjfl may fa* rotlurtal l»v a!tfrin |4 
1)1^ tho li<»tfot!i sitit*, makin|L( lap o* h*s.s than fho 
^1. Thf*n viii itiV will tak** plufi* at r. latm- than 
I nit tin* h*ati tjii fin* Iwit tom uill ht* uifrt'asod 
-pondirular from Aj on lap lino thnm^h .a*: 
iifh is ;(n*at(*r tha.n tin* lonti Aa’). In praottoo 
111 to Imvo h*H.s lap ainl iiion* load im tin* iHiiloin 
In* oylindor than at tin* t«tp. / \ ■* 

; Ellipss. This is a inotliod whioh has )«‘on / 

tor many yours, os|HadalIy am<miL( hiroinoti\o 
‘M, for roproHontinf( tho rolafivi* posithms i»f ih** 

VO nml piston. 

,.i'on*H.s i.H to draw t\v4» linos at rijyjht aimdos ti» 
t h(*r, tho oin* to roproHimt tho hno of tiinaiion of mol ion of 
-vtdvo, and tho tithor that of tho pkton. 
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Ill -Id^. 7.1^ lot Ctl* ropri»Horit t-ho Hfrokn of thn ptsioii, and li*i 
thnmgh a drawn with radinH OU ^ ormilc-piii imih. If 
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tbi. cMo be divided int. any »»bee ef 



liquity of the connect- 
ing-rod, if a perpen- 
dicnlar la be let fall 
on CP from any posi- 
tion 1 of the crank -'pm> 
a is the corresponding 
position of the piston- 
From centre 0 draw a 
circle with radius OE 
= radius of eccentric. 
If now the direction 
of motion of the slide- 
valve be assuined, fox* 
the purpose of the dia- 
gram, to be at right 
angles to that of the 
piston, the eccentric po- 
sition OD must be set 
back 90°, and therefore 
OD is drawn making 
an angle 6 with CO. 
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Th.'ii for ora Ilk [.ill positiun (’, (.,‘i-cn(ric position is at, 1>. Siariiiio 
from 1>, iHviilo tli<- (‘.■.■.•iilrio ciivli. i„(o (h,- sjunc numhor of o<p»n 
parts, 1, J, ("tc., as^ oii the cratik-piii oirclo. Draw horizontals from 

tiu* rif p« hsiiiiHis Id in 

vtnliaiLs from tlu^ i 


(‘rank |H»rtitionHj and j<jin tin* 
intt*i’S(‘ft iniiH. cldscd 

ti|(un* is (‘alit*(l th«‘ salve 

To allow for obliquity <if 
th(‘ t’(»nn(‘('tin^ nnb iiislead ef 
(Inqipin^^ |H‘r|H*n(lienlar.s as at, 
la, draw ares |M»intH 

I, 2, of tla* crank {>in 

path with i-adius (‘«|ual t(i 
hai^th nf <*<aineet in_* 4 ; r«»d from 
a nn line P( ’ prethicfnl. 

Siinilarly, t<> allow for tin? 
nhlitputj nf th<^ (‘ei‘**atrie hhI, 
draw ar(*.s thruui^h P, 2', et(%, 
nn tin* (‘ceentric path with 
nuliuH c*f|ual to length of 
tH‘eontri(' rod fruin a e<‘ntr‘e 
nn litn* < )H pHnlueed. 

In 71, if A A he set ulf 
from XX nn one sidt* of it 
(H|UaI t<» the (aitnide lap ; 
lUi = / = inside lap, and (Hj 
s=i H = width of Hteani port. 
Then, if tin* valv<^ ellipse hts 
drawn as f*xpiained (Fi|^. 7d), 
tins poifitH of a,dinis,Hhat, ('Ut- 
olF, rc*h*aH(», and (nanpressiou 
an* detenniin*<l hy the intei*- 
stH’iion of the valv(‘ ellipse 
with tin* reHp(*etive (*dg(*H of 
the p(at lines A A and Bll* 
P(srp(*ndicndars on to tin* 
(’(‘ntre Hin* XX wil! i^ive tin* 
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piston ponithniH at each of these points respec'tively. 

Fig. 7h .sln»ws a.n applieafion <d’ tin* valve ellipru* to an actual vaiho 
froni practice*. From the fact^ of the inn’ts S, F, S, in tin* .st‘ctionnl 
drawing at the hcgtoin of tin* lignn*, lines an* drawn perp(*n<ii(‘ularly 
to any converdi^nt h*figth from (*aeh edg<* of tin* n'spt‘(’tiv(* ports, 
and this length is stdedivided t<» rcpn*H(*nt <*(jnal porthms of tin* 
piston stroke. A VJtIvc (*llipse is then drawn from (M*n(r(* A on tin* 
half-stroke lim* <ef tin* pistori for .steam at a di.starns* (mtside lap ed* 
valve from <*dge of port, and fnmi ce*ntre B for (‘xhaust <m the port. liin% 
m thfire h no I'xliaust lap. Tin* centres A and B are the pt).sitions 
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of the respective steam and exhaust edges of the valve in mid- 
position. 

Several ellipses are usually drawn for different amounts of travel of 
the valve as the link is notched up (see Fig. 87). 

Two ellipses are drawn in this case, and, referring to the larger 
ellipse, it shows for any position, say 0*3 of the piston stroke, that 
the steam port is not only freely open = ce, but the valve has moved 
a distance eh past the edge of the port ; and on the other side of the 
piston the exhaust port is not only wide open, but the valve has moved 
past the edge a distance The cut-off points for different amounts 
of travel of the valve are given at d, d; the points of release are r, r, 
and of compression h. 

Expansion Valve G-ears. — The importance of working steam 
expansively has been already explained, and a certain amount of 
expansion may be obtained with the common slide-valve by the 
addition of lap, but a cut-off not earlier than about 0*7 of the 
stroke can be obtained in this way, and this is usually not sufficient 
for economical working. The amount of additional lap necessary to 
cut off at any earlier point causes difficulties of other kinds, and other 
means have therefore been employed to obtain an early cut off of the 
steam-supply to the cylinder. Locomotive and marine engineers 
generally employ the link motion both for reversing and for regulating 
the degree of expansion ; but for stationary engines, especially when 
not requiring to be i-eversed, a separate expansion valve is used, or 
some form of Corliss or drop- valve gear. 

The Link Motion. — There are various kinds of link motion, but the 
arrangement known as the Stephenson link motion is the one almost 



i 

/ 

/ 


Fig. 76. 



universally adopted in this country, and it is the type which will here 
be described. 

The object of the link motion was originally to provide a ready 
means of reversing an engine ; but it was found to be also a convenient} 
means of regulating the expansion of the steam in, the cylinder, cutting 
off the steam earlier or later in the stroke as desired. 

As a reversing gear its action is as follows — 

It has been shown that when the crank is in some position OO 
(Fig. 76), the centre line of the eccentric is in a direction OK 
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alioatl of th(» cniiik, iht* (lir«‘<’lioo of rolaiion ^;ht»\vo hy tho 

aiTow. 

Jhit to ro\<‘rs(* Ui<‘ i\u* (•<•<•(‘11! i*i<* t-oafrc’ imt.sf l»y Homo !iioarts 

ho ]no\(‘«l from M (o .somo position F/ (Fi.U- 77 ), ha\ini( ,1 Miitiihlo 
an<(lo (-t)!'/ ahoad of flic crank. 

This is accomplished in the 
link m<»tion by iia\ini(t\V'o sepa 
rat(^ eccentrics, one kt‘ved with 
its ctmin* at F, and the othta’ at 
h/, tht^ ends of the respe<*tive 
eceeiitri<’ rods hcdn^i^ Joimnl to- 
by a. link, as shown in 
Kic. 78 . 'Fhen by nuains of a 
hnaa* attaclnal lo the link, L, 
either <*ecentri(% as de, sired, may 
be inade to (‘<mnnnnicnte its 
motion tlu^ slide-valve by 

rnovin^^ the link so ns tf» brin;^ 
one or (»t her of t he eecmdrt<‘ rods 
int{» line with the slide-va,lv<* 
rod. 

'rin^ Hli<h* valve is <ainmaded 
by tln^ valve rod to a lit tle block 
which htH in tlie nlot at the link, 

BO iliat any nanaamait t>f the 
link in ihedireetum of tlm axis 
of tlm valve real aileel.s the post'’ 
iion of the valve. 

Wlum the blocdc is in (hc! 
muhlle of the link, the valve is 
influenced equally by both eeeen 
tries, with tbe rt^suli that, the 
erigim^ will rtoi run in either 
direetion, dlie iumrf»r the bh»ck is to its mid |H>hition in t]je slot, 
the lt*sH is tlu^ travel of tin* valve and the earlier the steam is eiit off 
in t‘ylimh*r. 

The Stephenson Link Motion, illuHiraie<l in Fig. 7H, ami shown 
in skeleton in Fig, 711, in madr* witit the link c*onca\'e towards fin* 

crank Kliaft. The centre line of the link is drawn with a radius 

e(|ual to the disfams* between the eentre of tin* ei'ecntj'te iiamMitrisI 
ahmg the riwl to thi* ctentre line of the link. When tin* crank In on 
the centre away fnmi the link, and tlie rotls an* af.taehed t 4 i the 
nearest emi of tin* link, im shown in Idg. 71t, thi^ ri«is are wthi to 
b<>^ **open.” 1 liis is tin* uhhiiI way of eonneeting (hi* fs'eentrie timIh 

to the link. When ilte crank is in the same position as before, and 

the roiis are conmsded to tin* end of the link mi tlie opfiosif.c side' 
of the main eentre line, a« slmwn in Fig, HO, the rods are said to 
be <*roHHe«ld* In the latter f*aKe, th<» result is not quito the same 
as w’hiai the rrsls are open. With open rcnlH tlie leiwl increimf*H an the 
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link approaches its mid-position ; with crossed rods the reverse 
the case. This is illustrated more fully in Pigs. 86 and 88. 

The paths of the moving parts of the link motion during a re vio- 
lation of the crank are compounded of the movement due to 
connection of the link with the eccentrics, and of that due to 
connection of the link with the radius bar or drag link, SR (Fig. 
which is free to move at the link end, but is fixed at the reversixx^^ 
lever end, S. The end of the link connected to the radius bar will, o£ 
course, move in an arc of a circle about this fixed centre. 



"When the link is pulled right over, so that the eccentric rod is 
as nearly as possible in line with the valve rod, the link is said -fco 
be in “full forward gear ” or in “full backward gear,” as the case mcLy 
be, depending on which eccentric is thrown into gear. 

When the throttle-valve is closed the link must be placed so 
that the block attached to the slide-valve rod is in the middle of 
the link. 

To start an engine with a link motion having open rods foz* cu 
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^iven direction of turning of the crank shaft, the link must be 
ii^oved in the same direction as it would move if it were connected 
ir'igidly to the crank shaft and turned round with it. 

"When the link is in mid -gear,” the travel of the slide-valve 
oxx each side of its middle position is equal to the lap of the valve plus 
blxe somewhat increased lead which the valve has in mid-gear with 
tlie open-arm link motion. The shorter the eccentric rods relatively 
bo the valve-travel, the greater the increase in the lead as the link 
2^j>proaches mid-gear. 

In consequence of the somewhat complex motion of the link, there 
isj always more or less slotting ” or rubbing of the link upon the block. 
Tlae nearer the block is to the point of suspension of the link, the 
loss the slotting motion. Hence the link is usually suspended from 
trlie end nearest the forward eccentric rod, so as to reduce the wear and 
toar due to the slotting motion to a minimum for the most common 
working position of the link. 

In this case, in backward gear the slotting motion is more or 
loss considerable, but this disadvantage is conceded for the sake 
o£ the more perfect action in forward gear. When equal efficiency 
o£ -fche link is required in both forward and backward gear, the link is 
suspended from the centre. 

The position of the centre, S, of the suspension rod, SR, Fig. 79, 
is chosen thus : Trace the path of the point R on the link to which 
tire suspension rod is to be attached when the link is in full forward 
g^ear, for a complete revolution of the crank shaft, and without the 
rosbraint of any suspension link. Again trace the path of the same 
point when the linkds in full backward gear. 

ItSTow, with a radius equal to the proposed length of the suspension 
rod[, draw an arc from some centre which shall as nearly as possible 
l>isect the irregular curved figure for full forward gear. The centre 
of this arc is chosen for the centre of the suspension rod in full 
forward gear. Similarly, with the same radius as before, bisect the 
irx'egular curve for full backward gear. The two centres thus ob- 
tojimed fix as nearly as possible the path of the end of the reversing 
le-ver to which the suspension rod is attached. Usually some com- 
promise is made in favour of full forward gear. 

Expansion Regulator Arm. — In compound and triple-expansion 
exxgines with link motions all connected with one reversing shaft, 
it> is often desirable, for the sake of regulating the distribution of 
tKe power between the respective cylinders, to adjust somewhat 
tlie position of the link of the low-pressure cylinder relatively to 
fclaa.t of the high-pressure cylinder, and to give it an earlier or later 
cixb-off as required. This is sometimes done by the method illustrated 
irx Tig. 81, namely, by connecting the outer end of the suspension rod S 
to a block, the position of which is capable of adjustment by the screw 
<as shown. The position of the slot in the arm A is so arranged that, 
i£ bhe engines required to be suddenly reversed, the link may be 
tlTLirown into full backward gear without the necessity for any re- 
adLj'ast)nent of this supplementary expansion gear ; for the position 
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of the outer centre of the suspension rod may be anywhere in the 
slot of the lever without its affecting to any extent the action of the 
link in full backward gear, as the centre line of the slot is per- 
pendicular, or nearly so, to that of the suspension rod. 



Valve Diagrams for Link Motion. — It will be convenient to con- 
sider here the case of a single movable disc, the eccentricity of which 
can be varied, and a variable cut-off thus obtained with a single 
eccentric. This arrangement is important, especially because of its 
application in connection with shaft governors as an automatic cut- 
off gear for high-speed engines. 

The disc D, Fig. 82, is keyed to the crank shaft, and the adjustable 
disc E, with centre P, is the eccentric disc to which the eccentric rod 
and strap are secured. It will be seen that the disc E is secured to 
D, but that it may be so adjusted that the centre P may be held in 
any position between P and Pg. The effect of this on the distribution 
of the steam is well shown by the Zeuner diagram. Fig. 83. Thus 
C is the centre of the shaft, and CP^Pg in Fig. 82 is drawn to an 
enlarged scale in Fig. ‘83. Take positions Pj, Pg, Pq, and draw circles 
on the diameters CP^, OPg, CPq ; then, for position CPj in full forward 
gear, cut-off takes place at drawn through the intersection of tlie 
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circle with the valve circle on CPi, and as approaches Po, cnt-ofF 
takes place earlier. When Po is reached the engine will be stopped, 
as Po approaches P^ the engine is reversed. All other points, 



as of release, compression, and admission, may be traced in the 
same way. 



raitted to the slide-valve. Then, if the position of the eccentric rod 
EB is changed to position EA, the valve receives the motion directly 
from the eccentric E, and the link does not affect the result. But 
wheri the eccentric rod is in position EB, it is clear that if a line 
be drawn through OB, the motion of B on the line OB, or OB pro- 
<lii.ced, would be the same as that of A on the line OA, except that, 
if tbe valve were connected with B either directly or indirectly, 
tbe crank being as before, the respective movements of the valve 
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would take place earlier, because the moving backwards of the lin® 
OA through the angle a to OB is equivalent to moving the eccentric 
OE forward, or increasing the angular advance by the same angle. 
If, therefore, Oc be drawn equal to OE, and making the angle EOc = 
then Oc is the equivalent eccentric, which will produce the same 
result, if e be coupled direct to the valve moving in the line OA, as 



radius Oc of the equivalent eccentric is a little increased. By drawing 
EE' at right angles to OE, then the line Joining 0 to E' and making 
an angle a with OE is the equivalent eccentric required. 

Referring to Fig. 85, OF' is the resultant eccentric for the end D 
of the link. If the rods were “ crossed ” as at ED (Fig. 84), instead 
of open ” as at EB, then the motion communicated from the point 
D in the line OD will be the same as from A in the line OA, except 
that the respective movements of the valve will be later, because the 
moving of the eccentric rod from OA to OD through the angle a 
would have the same result as reducing the angular advance of the 
eccentric by the same angle. Hence, if EE" be drawn backwards 
from OE, at right angles to OE, and OE" making an angle a with 
OE, then OE" is the “ equivalent eccentric for the crossed rod ED. 

To find the movement of the valve when the block A is situated 
in the middle of the link, if E' and F' (Fig. 85) be joined, and the 
point P be taken midway between E' and, F', then OP is the resultant 
eccentric ; and for the movement of the valve when the block is at 
any intermediate position K, the resultant or equivalent eccentric 
may be approximately found by drawing a circular arc through the 
points E, P, F, as shown enlarged at E6F (Fig. 86), and dividing this 
arc in the same ratio as BK : KD (Fig. 85), as explained below. 

An application of this method, with the addition of the Zeuner 
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v'alve diagram drawn upon the equivalent eccentric radius, is useful 
ixi finding the travel, the lead, points of admission, cut-off, compression. 
a.nd release for any position of the block in the link. Thus, let OE 
(^Kg. 86) equal the eccentricity of the eccentric, and draw the angle 
JBIOE' equal to the angle a (Fig. 85), and make EE' at right angles to 
OE. Let fall perpendiculars from E and E' on the horizontal through 
O, cutting it in a and h. Draw the lap circle OL. Then, if the 
extreme end of the link B 
(Eig. 85) is moved till it 
coincides with A, OE is the 
Lialf -travel of the valve, and 
Jiia is the lead. When the 
link is moved so that the 
Tblock is in mid-gear, then 
02? is the half-travel of the 
-valve, and Lo is the lead. 

IFor any intermediate posi- 
-fcion of the block A in the link, produce Ea to F, and make uF = aE, 
ixnd draw the arc of a circle through points E, 5, and F. Then E6F 
ziuay be looked upon as a miniature link, and if a point K be taken 
so that EK : KF as BK : KD (Fig, 85), then OK is the equivalent 
occentric for that position of the block in the link. 

Circles drawn on OE, OK, Oh as diameters give, by their inter- 
sections with the inside and outside lap circles, the points of admission, 
ont-off, etc., for the respective positions E, K, 6, etc., of the block in 
ijjbe link. It will be seen, on drawing these circles, that as* the link 
3>pproaches mid-position the following changes occur: (1) the lead 
o± the valve increases ; (2) the 
-travel of the valve decreases ; (3) 
oixt-off, release, exhaust closure, 
o^xad re - admission take place 
oarlier. 

The effect upon the indicator 
diagram (Fig. 87) of ^‘notching 
xxp the link, or bringing the 
‘ lixxk nearer to mid-gear, may be 
oompared with the Zeuner dia- 
gram for the respective positions. 

IEa.ch operation of the valve, 

.■o.a,m.ely, admission, cut-off, release, 

•€xn.cl compression, taking place 
oa^rlier as the link approaches 
xo.id-position, the effect upon the 
slxape of the indicator diagram, 
sxxxci therefore also upon the mean 
effective pressure of the steam in 
-fclie cylinder, is very marked. 

Xiink Motion with ‘‘ Crossed ” Arms. — When the eccentric rods are 
sblB-fcached to the link as shown in Fig. 80, the effect on the steam 
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distribution for various positions of the link will be seen from Fig. 
88. The line EE" is drawn at right angles to OE. As before 
explained, OE'' is set off on the ojp^osite side of OE, making an angle 
a with it (see Fig. 84). Then a perpendicular through E" on the 
horizontal line through O gives a point &, and an arc drawn through 
b and E from a centre on line Oh produced, and drawn concave 
towards the link, gives a curve representing the path of the centres 
of the equivalent eccentrics as the link moves from full to mid-gear. 
Thus OK is the radius of the equivalent eccentric for position K of 
the block in the link, assuming EF to be the actual link to a reduced 
scale. If valve circles be drawn on OE, OK, and Oh, and the lap 
circle be added, it will be seen that as the link approaches mid- 
position — (1) the valve-travel and the port opening rapidly decrease 
(compare OK in Figs. 86 and 88) ; (2) the lead decreases ; and (3) 
the gear may be designed so as to give no port opening when the 
link is in mid-position. 

In setting a link motion, the port opening or lead is usually set to 
be the same at both ends of the stroke when the link is in mid-gear. 

The Meyer Expansion Valve Gear. — This gear, illustrated in Figs. 
89 and 90, consists of two plates sHding on the back of a main valve 



as shown. The degree of expansion is regulated by varying the 
distance apart of the two plates as required, by means of a right and 
left handed screw. 

In Fig. 90, MY is the main or distributing valve, which is an 
ordinary simple slide-valve, with the addition of pieces at the ends 
to form ports, j?, through the valve. EY are the expansion valve 
plates. Consider the expansion valve EY moving to the left; 
then when e reaches n cut-off takes place, and the port in the main 
valve MY is closed, till on the return stroke e again moves to the 
right of n. Evidently, by increasing the distance between the two 
plates of the expansion valve, the distance s between e and w— when 
both valves are in mid-position — is decreased, and cut-off takes place 
earlier. 

The main valve acts as an ordinary slide-valve, and the engine 
might be worked with it alone if the expansion valve were entirely 
removed ; though in that case the steam would be supplied to the 
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cylinder during the greater portion of the piston-stroke. The action 
of the expansion valve does not in any way affect the action of the 
exhaust through the 
main valve. 

The relative mo- 
tion of the two 
valves may be con- 
veniently found by 
making an outline 
drawing of the valves 
and ports (Fig, 90), 
and drawing on the 
centre line above 
the valves, a circle 
representing the 
path of the centre of 
the expansion eccen- 
tric, and below the 
valves a circle re- 
presenting the path 
of the centre of the 
'main-valve eccen- 
tric, both circles to 
the same scale as 
that of the valves. 

■ On these circles 

draw the relative positions of the crank and eccentrics. The main 
eccentric is set as for a simple valve, and the angle COE is known, 
having given the lap and lead of the main valve. 

The expansion eccentric is usually set right opposite the crank for 
a reversing engine ; for a non-reversing engine the angle C'O'E' is 
somewhat less than 180°. 

Assuming the limits of cut-off, say, from 0*8 to 0’2 of the stroke, 
then first by the method of templets : Let templets of the valves 
be made preferably full size, and so that they may be moved relatively 
to each other, and let the crank and eccentric on the respective circles 
drawn above and below the figure be placed in position correctly for 
0*8 stroke of the piston. Draw perpendiculars from the respective 
eccentric positions E and E' of the eccentrics, moved to position ~ on 
the circular path, and let the centres of the respective valves coincide 
with these lines. Then the edge e of the expansion plate must be so 
placed as to cover the port, the centre line of the plates remaining as 
determined by the position of the eccentric. Proceeding similarly for 
the other limit, the range of opening and closing of the plates will be 
determined. 

The plates composing the expansion valve must be sufficiently wide 
to prevent re-opening of the port in the main valve before the cylinder 
port is closed. 

Application of Zeuner Valve Diagram to Meyer Valve Gear.— In 
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Fig. 91 j if OC represent the position of the crank, OM that of the 
main- valve eccentric with angular advance and OE that of the 



expansion valve with angular anvance then Oa is the distance 
of the main valve from its middle position, and Oh the distance of the 
expansion valve ; also ah is the distance between the respective centres 
of the two valves. If now OD, Fig. 92, be drawn equal and parallel 
to EM, and a perpendicular t>d be let fall, then Od = aib, and OD 



may be considered as an eccentric with angular advance (3 and 
eccentricity OD, which governs, for any part of its path, the rela- 
tive position of the centres, or the relative motion of the main 
and expansion valves. 

On OM (Fig. 93) describe the main-valve circle, and on OE 
describe the expansion-valve circle; also on OD describe a circle 
representing the relative-motion circle. Then, for any position OA 
of the crank, Om, is the distance of the main valve from its mid- 
position, and Oe is the distance of the expansion valve from its mid- 
position. Hence em is the distance between the centres of the two 
valves. But Od = em, because if lines be drawn on OA from M, E, 
and D respectively to m, e, and d, these lines are parallel, for each of 
them, forming angles in a semicircle, are perpendicular to OA. But 
OD and ME are equal. But when a line (as OA) cuts perpendiculars 
from the extremities of two equal and parallel lines (OD and EM), 
the perpendiculars intercept equal portions of that line ; therefore 
Od = em. And for any position OA of a crank, the radius vector Od, 
intercepted by the relative-motion * circle, gives the relative positions 
of the centres of the main valve and the expansion valve respectively. 
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Kef erring to Fig, 90, we see that when the centres of the valves 
are at a distance apart = en = s, then cut-off or re-admission will 


take place. There- 
fore, if a circle be 
struck from centre 
0 (Fig. 94) with 
rad.ius s = O^s, cut- 
off will take place 
when the crank is at 
00, and re-opening 
of the valve port will 
take place when the 
crank is at 00'. 

From this it will 
be seen that, having 
given the position of 
the crank at which 



Fig. 93. 


cut-off is required, the value of s may be determined by the length 
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of the line representing the crank position which is intercepted by the 
relative-motion circle. 

If the value of s becomes greater than CD, the expansion valve 
becomes useless, merely contracting the port in the main valve instead 
of closing it. To cut off at early points in the stroke, the value of 
s may become negative — that is, the expansion plates overlap the ports 
of the main valve when both valves are in mid-position. Thus is 
the negative value of s to cut off at crank-position OP^, or at 0*1 of the 
stroke of the piston. 

The various values of s are brought down on to one line, LF, and 
these distances may be used for graduating the scale by which the 
valve may be set for any desired point of cut-off. 

Reuleaux Diagram for Meyer Valve Gear. — The action of the 
expansion valve may be easily followed from this diagram (Fig. 95). 



Thus, taking the same example as in Fig. 94, draw the main- 
valve circle with radius OM, equal to the eccentricity of the main- 
valve eccentric. Draw also the relative-motion circle with radius 
OD of the relative motion or virtual eccentric (obtained as explained 
in Fig. 92), and from the same centre the crank circle CiCg to any 
convenient scale. 

From AB make the angle ACM = ^ = the angular advance of the 
main-valve eccentric, and in a direction opposite to the crank-pin 
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motion ; and draw DD, making an angle y with AB, the angular 
advance of the relative-motion eccentric. From MO set olF the lap 
line of main valve parallel to MO, and at a distance I from it. Then, 
with main valve, port opens at crank-position OCj and closes at OCq. 
From DD measure a distance, Sj corresponding with s in Fig. 90. 
Then OC 3 is the position of the crank at point of cut-off. If 8 be 
negative, that is, if the expansion plates overlap the ports in the 
main valve when both valves are in mid-position, set-off Sg = lap of 
expansion plate. Then cut-off takes place earlier in the stroke, 
namely, when the crank is at OC4. . 

The expansion valve, for position Si of the plate, re-opens the port 
in the main valve at Cg. It will be seen that Cg falls behind Cg — that 
is, the main valve has closed the steam port before the expansion 
valve re-opens the valve port. If Cg had fallen before Cg, the steam 
would be admitted to the cylinder twice during the stroke. 


CHAPTER V. 

THE INDICATOR, 

The indicator was originally invented by James Watt, and al though- 
improved in points of detail, the main features of the instrument as 
devised by him are substantially retained at the present time by 
makers of indicators. 

The uses to which the indicator is chiefly applied are — 

1. To obtain a diagram from which conclusions may be drawn as 
to the correctness or otherwise of the behaviour of the steam in the 
cylinder ; the promptness of the steam admission ; the loss by fall of 
pressure between the boiler and the cylinder; the loss by -wiredraw- 
ing ; the extent and character of the expansion ; the efficiency of the 
arrangements for exhaust, including the extent of the back pressure ; 
the amount of compression. 

2. To find the mean effective pressure exerted by the steam upon 
the piston, with which to calculate the indicated liorse-^ower of the 
engine. 

3. To determine whether the valves are set correctly by taking 
diagrams from each end of the stroke, and observing and comparing 
the respective positions of the points of admission, cut-off, release, 
and compression. 

4. To determine the condition of the steam as to dryness when 
the diagram is measured in connection with the known weight of 
steam supplied to the cylinder per stroke. 

Description of the Indicator. — The instrument, of which there are 
several different types, consists essentially of a small steam-cylinder 
containing a piston, and spring to regulate the movement of the 
piston according to the pressure ; a pencil carried by a system of 
light levers constituting a parallel motion, by which the pencil 
reproduces the vertical movement of the indicator piston, but 
magnified four, five, or six times ; and a drum *to which a paper or 
^‘•card” is attached, and which receives a backward and forward 
rotation on its own axis by a motion derived by a reducing gear 
from the crosshead or other suitable portion of the engine. 

By the combined vertical movement of the pencil and horizontal 
movement of the paper, a closed figure is drawn called the indicator 
diagram. The enclosed area represents the effective w'ork done by 
the steana upon the piston ; the upper portion of the diagram represents 
the varying pressure of the steam during the forward or inipulse 
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stroke of the piston, and the lower portion that during the backward 
stroke. 

The diagram traced by the indicator pencil differs more or less 
considerably from the theoretical (pv) diagrams already considered. 



Fig. 96. 

but the actual diagram is usually the more satisfactory, as it 
approaches the more closely to the form of the theoretical diagram. . 

Three indicators will be here described, as sufficient for our 
purpose, namely, the Thompson indicator, the Tabor indicator, and 
the outside-spring indicator by Messrs. Elliott Bros. 

1. The Thomj^son indicator is illustrated in section in Fig. 96. 
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Fig. 97. 



The indicator and tap here shown are screwed into a union connected 
immediately with the end of the cylinder. 

The area of the indicator piston is one-half square inch. It is 
put into communication with the engine cylinder by opening the 

tap. The steam then lifts the piston, 
compressing the spring to an extent de- 
pending on the pressure. 

The piston has no packing, and makes 
an e^sy fit with the indicator barrel. 
The piston-rod is connected to the pencil , 
lever by means of a ball joint and a small 
milled nut. 

The upper side of the piston communi- 
cates with the atmosphere by means of 
small holes in the upper portion of 
cylinder. 

The drum upon which the paper is 
fixed for receiving the diagi*am is carried by a disc which rotates on 
a vertical pin. The drum is pulled in one direction by a cord, 

attached through a reducing 
motion to the engine crosshead 
or some other suitable point, 
and it returns in the opposite 
direction by the tension of a 
spring coiled in the drum. 
The tension of this spring 
may be regulated by a fly-nut 
on the drum spindle. The 
drum is shown in section in 
Fig. 96. 

The object of most recent 
improvements in steam-engine 
indicators has been to reduce 
the weight of the parallel 
motion, so as to reduce the 
errors due to inertia which 
occur at high speeds with the 
heavier moving parts. 

The parallel motion of the 
Thompson indicator is repre- 
A sented by Fig. 97.^ 

The points a and h are 
fixed. The link ac turns 
about a, and eh about h. The 
. line described by the pencil 

d is practically straight within 
the limits of its motion. 

To change the s^pring in the 

' From a paper by Mr. C. F. Budenberg, M.Sc., on “Steam Engine Indicators.’^ 


Fig. 98. 
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liompson indicator, unscrew the small milled nut by which the piston- 
^ Oct is attached to the pencil lever. Then unscrew the cylinder cover, 
remove the cover, spring and piston. Unscrew the spring from 
^ "ie cover, and lastly from the piston. Proceed in the reverse order to 
a new spring. 

The Tabor indicator is illustrated in Figs. 98 and 99. The 



jGCLOst noticeable feature of this indicator is the means employed to 
secure a straight-line movement of the pencil. A plate G- containing 
^ curved slot is fixed in an upright position, and a roller fixed to the 
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pencil lever H is fitted so as to roll freely in the slot. The curve of 
the slot is so formed that it exactly neutralizes the tendency which 
the pencil has of describing a circular arc, and the path of the pencil 
is a straight line. This arrangement reduces the weight of moving 
levers to a minimum, and this instrument is especially suitable for high 
speeds. The pencil movement consists of three pieces — the pencil 
bar H, the back link K, and the piston-rod link L. The two links 
are parallel to- each other in every position. The lower pivots of 

these links and the 
pencil-point are always 
in the same straight 
line. If an imaginary 
link, parallel with the 
pencil bar, be supposed 
drawn from the bottom 
centre of one link to the 
other link, the combina- 
tion Would form a pan- 
tagraph. The slot and 
roller serve the same 
purpose, but to better 
advantage. 

The pencil mechan- 
ism multiplies the pis- 
ton motion five times. 
To cliange the spring 
of the Tabor indicator, 
remove the cover and 
loosen the screw be- 
neath the piston, which 
liberates the piston 
from the piston-rod. 
Then unscrew the pis- 
ton from the spring, 
and the spring from 
the cover. Proceed in 
the reverse order to fix 
another spring. 

Selection of Spring 
for Indicator.—Springs 
are made of various 
strengths to suit the 
pressure of steam em- 
ployed in the engine 
to be indicated, weak 
springs being required 
Fio. 100. for low pressures, and 

strong springs for high 

pressures. The strength of the spring is marked upon it ; thus a 
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g* gives a reading of 1 lb. per square inch pressure for every 
ii^t.ical movement of the indicator pencil. 

strength of the spring chosen depends upon the height of 
required, which might be 2^ to 3 in. for slow speeds to 
aore than half that height for high speeds. At 100 lbs. pressure 
lo steam- chest, and no loss by throttling, a spring would 
^ diagram 2 in. above the atmospheric line, a spring about 
a. , and so on. In measuring the diagram to find the mean 
lire, care must be taken that the scale used is the same as that 
e Bpring in the indicator. 

Tile construction of the outside-spring indicator, by Messrs, 
tt Bros., will be understood from the diagrams (Figs. 100, 
It possesses the advantage of 
ig a spring which is not exposed 
igli temperature, and which is 
ifore especially suitable for indi- 
g engines using superheated 
a, or engines using steam of high 
U2?es and teWperatures. 
itachment of the Indicator. — A 
is drilled at each end of the 
icler, and tapped to receive a half- 
steam-pipe, to which to connect 
ixidicator-cock. Care must be 
a, in fixing the position of the 
that it is in no danger of its 
g covered by the piston of the 
ao at the end of the stroke. The 
connecting the indicator should 
IS - short and direct as possible, 

"be well lagged. Long pipes and 
p bends may greatly interfere 
a,ccuracy of results. 

3dLiicing Motions. — The motion of 
axdicator drum must be an exact 
DduLction of the motion of the 
>1X5 or crosshead, on a reduced 
5. The length of the indicator diagram is usually from 3 to 4 
or longer for slow-speed engines; at high speeds the length is 
ccd. The movement of the drum is obtained by some arrange- 
t for reducing the motion of the crosshead in the following 
namely — 

(^length of diagram required) -r (length of stroke of engine) 

method of obtaining the movement required differs according 
}hLe design of the engine to be indicated. The cord used for 
clxing the drum to the moving part of the engine should be as 
tr possible, and the cord itself well stretched before being used 
juxcli a purpose. 
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Fig. 102 shows a method of fitting up an indicator gear for a small 

vertical engine, as used by 
the author for experimental 
purposes. Figs. 103-107 show 
other methods, as applied to 
horizontal engines. The points 
requiring special attention 
are — 

(1) The point from which 
the motion of the cord is taken 
must be a correct reproduc- 
tion of the motion of the cross- 
head to a reduced scale. 

For this purpose it is neces- 
sary that the ratio AB : AC 
should be constant for all 
positions of the crosshead (see 
Figs. 103, 105, and 106), where 
0 represents a pin moved by 
the crosshead of the engine, 
and B the pin to which the 
indicator string is attached. 
The cord is carried away 
from the pin B parallel 
to the centre line of the 
engine; but when the cord is 
taken off the circumference of 
a portion of a disc, as shown 
in Fig. 104, the cord may be 
carried away to the indicator 
in any direction, because the 



Fig. 102. 


A 





Fig. 103. 
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travel of any point in t.h(‘ cord throupjlumt its It^npfth in the giutn^ ft>r 
all directioiiK of the eorcl. 



Fn;. lop 


Fi^^ 107 is a pania|j:raph, th(* point A henn^^ eonneeted ft) the eroHH. 
head, while fhi‘ point O in a fixed centre. The eord in attached to K, 
HO plaec^l that K Ls in the .strai^dit line Joining A to (\ 

(2) Th(* cord must in all eaHe.s {<‘x<'epf when attaehed to ilie eirrum 
f(‘r(‘nce of a disc) be hd away from the driving.point in a line pandlel 



to the lim* of motion of the pinion to a leadingadf pulley, after whieli 
it may be. taken at any angl<% in the same plane, to "the inilieator 
drum ; tlie important point h<»ing that the motion of the eonl at the 
drum is thi^ name aa its motion at the <lriving point. 

Hom(‘timf»H a reducing motion in tixtal to the indicator direc^f, ami 
eoiiHLsting of two pulleys \vhoHi‘ dianu'ierH art* in the Hiime rath) as 
(length of diagram rtMpiirtMl) : (hmgth of ntrokt* of t*ngine Then 
a cord led from thi^ largt^ |)uil<*y to thc^ t*ngine cromiieiwi by a j'-iiifable 
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guide pulley, and another cord from the small pulley to the indicator 
drum, give the motion of the drum required without any levers. 

Method of taking In- 
dicator Diagrams. — 

1. Lubricate the indi- 
cator piston. 

2. Before attaching 
the indicator, blow 
through the pipes to 
see that they are clear. 

3. Adjust the drum- 
cord so that the drum 
rotates freely without 
knocking at either end 
of its stroke. 

4. Place the cord on 
the drum, and attach 

j’jQ, 107. driving- 

point. 

5. Warm up the indicator by admitting steam for a few seconds. 

6. When the steam is shut off, bring the pencil round till it touches 
the card gently, and draw a firm line. Adjust the stop-screw so that 
the pressure on the pencil cannot afterwards be excessive. 

The line drawn while the steam-cock is shut is called the “ atmo- 
spheric line.” 

7. Open the steam-cock, apply the pencil to the card, and draw a 
diagram. Allow the pencil to remain against the card till several 
diagrams are traced one upon another. 




Fi&. 108. — XY = atmospheric line ; AB = admission line ; BO = steam 
line ; CD = expansion line ; DE = exhaust line ; EP = hack-pressure 
line ; EA = compression line ; A = point of admission ; 0 = point of cut- 
off; D = point of release ; F = point of compression. 

8. Remove the card and mark on it the following particulars : — 

Name of engine 

Date ... 

No. of diagram 

Scjile of spring ,,, 
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Cylinder diametf^r 

Whieh end 

Diiiincter <tf iiinlen-nKl 
IlavoIutiouH jH^r ndnnt<‘ 

Boiler preHHUra 
Vacuum 
Barometer 
InitialH 

The Indicator Diagram.— k'ijic. 

form of diagram from a Hingl<‘ oy 
rimning inid<u* gtwMl working condiiion.s 

Tho atlmiHslon line, Afi (i^'ig. 108), 
tho aioam a« it (*nt<‘rH tin* cylinder. 
varioH with tin* hwl of tho \ alv <* : thun 
early opening of the |H>ri to at earn in 
too late action in shown at a, Fig. I 10. 

The Hieam Ihie^ DC (Fig. hIkjws 
in tln^ cylindta* rea(!hes that of the \ 
nsufU to draw tlie boiler prenmin' lim 
in Fig. 1 M. 'rht‘re is always a <’er 
th(‘ l)oil<*r and the* cylinder in 




is an example id a ctanmoii 
lind<*r nonaamderiHing tuigine 

hIiowh the rise of prcRsure of 
The {‘haraeter of thin Hite 
in Fig. Khl, the etleei of lim 
shown by the dotted lim* mi 


luAv nearly the steam pn*Hstne 
wdler. For this purpoHi* it is 
oser the Htemm line as sltown 
tain fall of preKsnre between 
eonHe(|uenee <»f ihrottlingof the .steam 





L 


V. 


“ imaitnck'at If ad; t late 
late f^>mprei*iltai. 


Fin. 109.'~w iif lead: p r? Fm. 110. -»a - 

winMimwiug: k “ early release; f» axhuust; 

tmrly compresisum. 

in the |iorts and pfwsag(*H, and (^Hpeeially at high when work 

ing linktHl up, aki with vmy hmg sb^tm-pipen, or witli Hteam plpen 
Uh> Hinall in diameter tu' having sharp brnds. 

Again, during tln^ thm' of st<‘am into the <‘ylinder there h often it 
further gradual fall of pn*HHure, m shown by dottial line p (Fig. ItlB), 
due to the increasetl demand ftu* steam m tin* piston luhaneeH, eaustng 
a Hudflen large dis|»Iaeemeiit. This edect, namtdy, th<i gnulual full 
of {ireHsure tluring athnwHitm, is known as ** wiredrawing,*’ 

The etlect on the nfeaw line of regulating th(^ (Uigine l»y a throttle 
valve, and thim varying tim iquming for the supply of steam, is showii 
by Fig. Ill, whieh was obtained by Huceessively removing ptiriioits 
of the ioiul on thc^ engine and maintaining ilte h|shsI eiuiHtiint bv 
partially closing tlu^ steam-supply valve. 

The forward-presHure lirm A for a heavy loiwl f<dl to II f»ir a 
medium load, and to C for a light load, the |M>ints of eut-olf, relen«% 
and compressittn mtmunlng mmUuit. 

The point of cut-off, C (Fig. 108), in more or less ahiir|) nml detlniti* 
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with trip-valve gears, which cut off suddenly by the action of a 
strong spring ; but with the slide-valve the cut-off is more gradual, 
the corner is rounder, and the exact point of cut-off is more difficult 
to locate. In such a case the point of cut-off may be taken at the 
point where the concave curve of the expansion line meets the convex 
curve of the cut-off corner. 

The effect on the diagram of varying the point of cut-off is shown 


A 

B 

C 


Fig. 111 . Fig. 112 . 

in Pig. 112 for non-condensing engines, and in Pig. 113 for con- 
densing engines with a trip-valve gear, the cut-off being fairly sharp. 

Pig. 114 shows the effect of regulating the cut-off with a slide- 
valve high-speed engine. Here the cut-off point is much less definite 
than with a trip gear (Pig. 113). 

In the non-condensing diagrams (Fig. 112) with an early cut-off, 
it is seen that the expansion line falls below the atmospheric line, 
and forms a loop at the end of the diagram ; this is due to the pres- 
sure of steam during expansion falling below atmospheric pressure, 
and hence, when the exhaust port opens, the pressure will rise instead 





of fall to the back-pressure line. This is a most wasteful form of 
diagram. In condensing engines with a good vacuum, a loop is not 
formed even with a very early cut-off (Pig. 113). 

Where it is necessary to work regularly with a very early cut-off, 
the conditions are uneconomical, and the engines are too large for 
their work. ® 

The expansion curves of indicator diagrams vary considerably, and 
they do not obey any very definite law. They are, in fact, the 
resultant effect of a variety of separate causes, operating to a 
different extent in different engines, and even in the same engine 
by change of conditions. These causes include : increase of volume 
of the steam after cut-off ; condensation by work done and by loss of 
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heat to the internal cylinder surface ; re-evaporation of water present 
in the cylinder during expansion. 

It is, however, frequently helpful to apply to the expansion line 
of a diagram an approximate standard, and for this purpose the 
hyperbolic curve is used, and, without expecting the diagram neces- 
sarily to follow that curve, useful information may sometimes be 
obtained by its aid, especially as to the probable extent of re-evapora- 
tion in the cylinder. The method of applying this curve to the 
diagram is explained on p. 109. 

The release pointy D (Fig. 108), occurs just before the end of the 
stroke. The higher the rate of revolution of the engine the earlier 
the exhaust, the trouble with high-speed engines being not so much 
how to get the steam into the cylinder as how to get it out 

The exhaust line, DE (Fig. 108), represents the fall of pressure which 
takes place when the exhaust port is opened. Fig. 109, p. 99, 
shows, by dotted line, early opening to exhaust at s, and Fig. 110 
late exhaust at t 

The haclc-pressure line, EF (Fig. 108), shows the pressure against 
the piston during its return stroke, the amount of the pressure being 
measured from the back-pressure line down to the zero line of pres- 
sure. In non-condensing engines, the back pressure coincides the 
more nearly with the pressure of the atmosphere as the exhaust 
passages permit of a free exit for the steam. In good non-condensing 
engines the back pressure is about 1 lb. above the atmosphere, and in 
condensing engines about 3 lbs. above zero. 

The compression curve, FA (Fig. 108), commences from the point of 
exhaust closure at F. The point of closure depends upon the amount 
of inside lap on the valve, and the angular advance of the eccei^tric, 
and the nature of the curve formed will depend upon the pressure 
of the steam trapped, as well as upon the volume of the clearance 
space. A valve having an amount of inside lap suitable for a con- 
densing engine when the pressure of the steam at beginning of 
compression is only, say, 3 lbs. absolute, will probably show an 
excessive amo>tnt of compresMon when the same engine is used 
non-condensing, and compressing steam at 16 lbs. absolute pressure. 

The shape of the compression corner of the diagram is, however, 
the resultant effect of several causes, including the compression of 
the steam enclosed ; compression of air trapped with the steam, 
especially in non-condensing engines ; leakage of steam into and. 
out of the cylinder during compression ; and the early admission 
of steam before the piston has yet reached the end of its backward 
stroke, especially with a link motion linked up towards mid- 
position. 

Clearance. — This is the space enclosed between the piston and the 
face of the slide-valve when the piston is at the end of its stroke, 
and includes the space between the piston and cylinder cover, the 
volume of the steam-port up to the face of the slide-valve, and the 
volume of any other pipes or passages opening into the cylinder 
requiring to be filled with steam each stroke, such as auxiliary 
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starting valve pipes, relief cock, and indicator connections. The 
clearance volume is relatively greater in small engines than in large, 
and varies from 3 to 10 per cent, of the piston displacement. With 
piston valves the clearance volume may reach 25 or 30 per cent. The 
clearance space, though generally a source of loss when considered in 
connection with steam consumption, is necessary for practical reasons 
— -first, to avoid danger to the cylinder covers by allowing space for 
the small amount of water which is invariably present to a greater or 
less extent in engine cylinders ; and also to provide passages sufficiently 
large for the ready ingress and egress of the steam. Since the clearance 
volume depends upon the area of the piston, and not upon the length 
of stroke, it follows that in the short-stroke cylinder of large diameter 
the clearance volume is necessarily a large proportion of the piston 
displacement. 

The clearance Une^ OP (Fig. 115). Before this line can be drawn, 
the volume of the clearance space must be obtained by calculation 
from the drawings of the cylinder, or by measurement. Then, if 
vertical lines be drawn touching the ends of the indicator diagram, 
the distance between them represents the piston displacement. The 
clearance line must then be set back from the line through AB, so 
that its distance OB from the end of the diagram is to the whole 
length of the diagram BC, as the volume of the clearance is to the 
volume of the piston displacement. 

The zero line of ^pressure, or line of perfect vacuum, is drawn 14*7 lbs. 
below the atmospheric line, or, more correctly, by the reading of the 




atmospheric pressure from the barometer, which is set down from the 
atmospheric line to the same scale of pounds as the spring used in 
drawing the diagram. 

Effects of Clearance, — 1. Effect of clearance on the ratio of 
expansion : — 

In Fig. 116, let Y = piston displacement; c = clearance volume: 
a - piston aisplacement at cut-off ; R = nominal expansion : B, =:s 
actual expansion. x ; i 

Assuming hyperbolic expansion — 
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Then E : 


final volume 
volume at cut-off ' 

V + c 


a 4- c 

Example. — Let Y = 5 cub. ft. ; c = a = 1 cub. ft. ; initial pressure 
= 100 lbs. absolute. 


Then cut-off takes place at of the stroke, and, neglecting the 
effect of clearance volume, the nominal number of expansions E = 5. 

But when the clearance volume is added, then the actual number 
of expansions — 

^ final volume ^ ^ ^ _ o 

^ “ volume at cut-off ■“ a -f- c 2 


Or the actual ratio of expansion is instead of ~. 


The terminal pressure | initial volume _ ^ 

neglecting clearance j — X £nal volumir 
The terminal pressure 
including clearance j = X y c ~ 


Clearance steam does no work on the piston during admission ; but 
after cut-off its effect is to* raise the pressure during expansion, or to 
permit a larger expansion for a given terminal pressure, and thus to 
increase the area of the expansion portion of the work diagram. 

2. Effect of clearance on steam consumption when the steam is 
admitted to the cylinder through the whole length of stroke, and 
with no compression of exhaust. 

Here evidently the clearance volume is filled each stroke by 
steam that does no work on the piston, 
and the steam so used is all wasted at 
the exhaust. 

3. Effect of clearance on work done 
per unit volume or weight of steam with 
expansion. 

(a) Taking first the case (Fig. 117) 
where clearance volume = 0 and com- 
pression = 0 : To find the work done ~/5 
per unit weight of steam, which is here 
taken as the weight of 1 cub. in. of steam ( 
at 75 lbs. absolute pressure, expanded -Fig. 117 . 

down to back pressure of 15 lbs, absolute. 



area 75(1 + log, r) 75(1 + 1*61) 

Mean pressure = “ 5 ~ 

or mean effective pressure = 39*15 — 15 = 24*15 lbs. 

Work done per unit of steam admitted = 24*15 X 5 = 120*75 inch-lbs. 


(h) Taking, secondly, clearance volume = 0*5 cub. in. and com- 
pression = 0 (Fig. 118). 

Here for the same terminal pressure the piston displacement may 
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be increased to 7 cub. in., tbe number of expansions being five in 
each case. 


T = 


final volume 


7*0 


ori^al volume 1*5 

Mean pressure ) _ area _ 75 + (75 X V5)hg^r _ 
during stroke j ~ length 7 

or effective pressure = 36-59 - 15 = 21-59 _ 

Work done per cubic inch of steam admitted = 


This result, namely, 101-75 units of work per cubic umh “ 

admitted, compared with 120-75, which is the amount of work done 
per unit of steam with no clearance space m the cylmder, sho\ s a, 
loss due to clearance space in this example of 16-5 per cen . in woi ’ 
xuiits per unit of steam. Both, these cases are without compression. 

(c) Taking the same data as before, but with compression during 



the backward stroke from atmospheric pressure up to initial 
pressure (see Fig. 119). 

Considering the case numerically, it has been shown, case (a), that 
the figure cbdf without clearance (Fig. 119) is equivalent to a work 
area of 24*15 x 5 = 120*75 units; also, by case (6), that the figure 
cMe with clearance is equivalent to a work area of 2T59 X 7 = 
151*13 units, or a difference equal to the area/de of 30*38 units. 

But the area of the figure oha2 = (log^ r = log^ 5 = 1*61) times the 
area of the clearance volume rectangle og = T61 x 75 X 0*5 = 60*375. 


The mean pressure = 


area oha2 60 ‘375 


' length o2 2 
Deducting pressure of atmosphere, 30*1875 — 15 
Work units performed during forma-) ik.iq 7 k 
tion of compression corner ahc y ^lo75x^ 


= 30*1875 
15*1875 
30*375 


That is, the negative work area of compression abc is equal to the 
positive work area fde due to increased expansion. 

Therefore the work area cbdf without clearance is equal to the 
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wox^i:: area ahde with clearance, and each of these areas has been 
foirxxieci with the same weight of steam. Hence there is no loss by 
cl©^i?a,iice when compression is carried to initial pressure, and when 
e2Cpa.nsion is carried down to back pressure^, 

Xxx practice the two latter conditions are rarely fulfilled, and there 
is, "htierefore, usually a considerable loss by clearance, especially when 
•fcho clearance volume is proportionally lar^e, as in short-stroke high- 
spoed engines. 

Ttie compression of the steam towards the end of the exhaust 
stirolce is of more importance from the point of view of smooth 
xarxixirig and the prevention of shocks than of steam economy ; and 
•fch.o Higher the speed the more necessary is it to have a good com- 
prossion corner to the diagram. 

Th.e Stephenson link motion fulfils this condition very efficiently 
1 iy providing an increasingly early closure to exhaust, and an increas- 
lead when linking up takes place at high speed, the combined 
elFcct) of which is to give a large compression corner, shown in Fig. 
8T, and thereby to improve the smoothness of running of the 
erx^ine. 

Xiimit of Useful Expansion. — In addition to the limit which cylinder 
coxxdensation and excessive variation of stress upon the piston may 



Fig. 120 . 

place upon the number of expansions permissible in a single cylinder, 
tHore is a further reason for limiting the number of expansions, 
namely, the work to be done by the engine in overcoming back 
prossiire and friction ; and this applies to both simple and compound 
engiixes of all classes. 

Th.e proportional loss due to work done against the back pressure 
of -btie atmosphere increases directly as the expansions increase, 
wlnile the gain due to increased expansion is a gradually decreasing 
on^. A limit is therefore eventually reached, beyond which further 
e 5 cp)arision would involve a loss. This is well illustrated by the 
following (Fig. 120), which is a modification of a diagram by Willans. 
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From the point 0 a vertical line, OW, is drawn representing work 
done in foot-pounds, and Oa is a line of volumes in cubic feet. 

On the vertical line through O a scale is set off of work done per 
cubic foot of steam at any required pressure ( = PV). Then, assum- 
ing hyperbolic expansion, the work done by expansion from 1 to/2, 
3, 4, etc., cub. ft. is set up to scale on the vertical lines from the 
respective points 2, 3, etc., on the line Oa. 

Thus at 2 cub. h. the height of the vertical 2K for any pressure, 
as 75 lbs., = PV(1 -j- log^ 2) ; at 3 cub. ft. = Py(l + log^ 3), etc. 
These vertical lines represent to scale the total work done by the 
steam during admission and expansion, 2, 3, 4, etc., times. 

But these totals will be reduced by the work done against back 
pressure. For non-condensing engines, taking 16 lbs. per square 
inch absolute to represent back* pressure due to the atmosphere, and 
2 lbs. per square inch of piston to overcome the friction of the engine, 
then from 1 set up PY due to back pressure = (18 X 1) ; from 2 set 
up (18 X 2), and so on. Then the height of the vertical from Oa to 
meet the oblique line through e represents the _work done against 
back pressure and friction for non-condensing engines. Similarly, 
an oblique line through c is drawn for condensing engines, allowing 
6 lbs. absolute for work done against back pressure and in over- 
coming friction. 

Then the vertical ordinates measured at each ratio of expansion, 
from the friction line to the curves, give the theoretical net effective 
work for the initial steam pressure taken. 

The most effective number of expansions is where this ordinate is a 
maximum. A dotted line (m) is drawn representing the number of 
expansions, beyond which it does not pay to go. The limiting ratio 
of expansion for non-condensing engines was given by Willans as 
(absolute initial pressure) 4-25. For condensing engines, it will be 
seen from the figure that the limiting ratio (m') is much higher, and 
in practice the number of expansions = (absolute initial pressure) 


T- 14 approximately. 

Indicated Horse-power (I.H.P.). — The formula is given on p. 2. 
apjr-ppp. It is convenient to use a con- 

I j i\ slant for each engine = L X A 

I I . [ \ 4-33,000, where L =: length of 

1 I I j\. £1 stroke in feet, and A = effective 

^ 1 1 ! ^ I piston in square inches. 

H « Then- 

\ ' I I I I I rrrrrKj SI 

UUUUUUlIjj^ P X N X constant = LH.P. 

c ZERO LINE OF PRESSURE. d ? where P = mean effective pres- 

‘P ^ = number of impulses 

S per minute. 

mean effective pressure, as 
' obtained from an actual indicator 


Fig. 121. 


diagram, is the mean width of the figure measured by the scale of the 
indicator spring with which the diagram was taken (Fig. 121). 



Fia. 122. Fro. m, 

by inmnimniunii. Thvrv nro variouH kiiuln of plaiiimei(‘rH, as ilu'. 
Anmier |)laniuH't(u\ th<‘ (Jofliu aviu’a/jfitig th(‘. Itatchot 

planiinottu*, atui (^thcrn. Tht^ opt‘rat.ion wiili tho Ainsha- planiiueUir 
coiiHiHtH of inu'inf^ tlui outlines of tho diagram with a pointer* of th(^ 
iuHtrmnont, wh(*u tlu^ tnoan prt^HHun*. of Ukj diagram may }>o r(‘.ad 
from the griiduaiioiiH of a nmall rollca*, th(^ mov(^meiit of which 
dept^nda iipcm the path of the tracer m it pasHOH over the outline of 
the diagram, 

Wlien a diagram has lotjps^ as nhowii in Fig. 122, th(^ loops repn;- 
sent lusgativo work, and show that the engine is under-loaded. The 


loops would disap|)ear if tlu^ load were incimsed. Tlie forward line 
hed would tlien rise as in Fig. 123, while the back-pressure line fgd 


The Ttwan J*(fTW(trd is tlie mean height of the irrigular 

jigur<^ eahd fr<nu tlu‘ zero lim^ of pressure. 

Tht‘ ntean inu'k is thet mean height of the irregular figure 

eehd from tlo^ zero lint^ of prt^ssun^ Tlie difference between tlu^ 
mean IndghtH id" tlu‘sc‘ two {igur(‘s^= tln^ mean effective pressure. 

M6asureni62i"^ of Mean Pressure.— h\»r this purpose tw’o methods 
may be. adopt e<l— first , tlu‘ nudfiod of ordiuat(‘s ; or, second, the use 
of the pluninH‘t(‘r. T1 h‘ m(‘thod of or(linat(‘S is as follows: Draw two 
lines at right. angh‘s to thi* atmosph(»rie line, touching the diagram 
at its extrenu^ ends, and dividi^ tlu^ spaei^ b(‘,twe(‘n tlu^m into 10 ecjual 
parts (or, wlien great acvuraey is re(|uired, into 20 (apial parts). 

In order now to fiml th<‘ mean width of tlu^ diagram, nu^asure the 
width in the ec‘ntr(^ of (‘ueh space by tlu‘ scale corn^sponding to the 
spring of tlie indi<*ator, add th(^ r(‘sults tog(d.h(n‘, and divide by 
th(^ numlsu* of nsNisurtsmMits ; tlu^ nsult will he the mean eflectivti 
press ur<‘. 

The ^danitnrter is an inHi!’um(‘nt hy mteans of which the mt^aii 
pressure may he ohtain(!d from tlu^ diagram more rajiidly than 
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remains as before. Or, by exhausting into a condenser, the 
pressure line may be lowered, while the forward - pi'essuie n 
remains. In all cases of diagrams with loops, it is advisab e o 
the zero line of pressure, and estimate by the usual me loc^ o 
ordinates, the mean pressure of the whole forward-pressure diagiam, 
abode (Fig. 124), and afterwards of the back-pressure diagram, 
abfgdej shown cross-lined. The difference will be the resultant mean 
effective pressure. . 

To find the power of an engine, diagrams must of course be 
from each end of the cylinder. When one indicator is connected 



Fig. 126. 

with the two ends of the cylinder by pipes and a three-way cock, 
as shown in Fig. 125, the two diagrams may both be taken on one 
card, as Fig. 126. This system (Fig. 125) is not to be recommended 
except for small engines. The mean pressure of such diagrams is 
taken by measurement separately, and their sum is divided by 2 to 
obtain the mean pressure. 

To find the mean value of the area A of the piston, when the 
steam acts on a full face, %, of the piston on one side, and when on 
the other side the amount of this area is reduced by the area a., of 
the piston-rod — 

Then mean area A = {% + ~ ^* 2 )} "t- 2 

For compound or multicylinder engines, the power of each cylinder 
separately is obtained, as already explained, and the sum of these 
is the total indicated horse-power. 

Mean Power at Variable Speeds. — Where the revolutions are 
variable during the period of trial, indicator diagrams should be 
taken more frequently, and to ensure accuracy where the speed 
varies considerably, and especially when the mean pressures at the 
two ends of the cylinder vary also, it is more satisfactory to keep 
the diagrams from the two ends of the cylinder separate ; to obtain 
a piston constant for such end separately ; to find the I.H.P. for each 
diagram as it is taken ; to take the diagrams at equal intervals ; and, 
finally, to find the mean of all the diagrams from the respective ends 
of the cylinder. Then the sum of the means from each end of the 
cylinder is the total I.H.P. 

To draw a Hyperbolic Curve upon an Indicator Diagram. — The 
point from which the curve is drawn may be at a just before the 
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port opens, or at 6 just after _ cut-off. At a the weight of 
to tjh in ttie cylinder as steam is usually a maximum, owing 

of of re-evaporation. It will not represent the whole weight 

m'o^ passing through the cylinder, because even here there is 

l a certain percentage of water not yet re-evaporated, and a 

1 1 1 amount of leakage past the piston and valve to exhaust. The 

spac.^ diagram and the curve will show approximately 

* J*' oss; of area due to the previous condensation of the steam now 
in the later part of the diagram. 

^ oh ofp first the clearance line at O, and draw the zero line of 
O^; by scale of indicator spring. Then, to draw the curve 
ouclixx'x^ point a (Pig. 127), draw a horizontal and vertical line 




throix^lx a, and make ac any convenient height. Join Oc, and from c 
draw fiu laorizontal, ce. Where Oc cuts the horizontal line through a 
raise o. perpendicular, de. Then c is a point in the hyperbolic curve. 
Any xixxmber of further points in the required curve may be obtained 
by cix'o.wing lines from O as shown, and by drawing horizontals and 
vort>io£Lls from the intersections of the lines through O with ac and 
ad respectively. The curve is drawn through the points of inter- 
Hocbion.. 

THo construction of the curve through h (Fig. 128) will be under- 
HtoodL from the figure, the points in the dotted hyperbolic curve being 
ol>t)a.xxxeci by drawing any oblique line, Oc, to a point c on the hori- 
zoiibejl bhrough 6. Then, where the oblique line Oc cuts the vertical 
throxx^li Z>, namely, at d, draw a horizontal line, de, to cut a vertical 
throxx^H c : then point e is a point on the hyperbolic curve. 


CHAPTER VI. 

QUALITY OF THE STEAM IN THE CYLINDER, 

In’ all ordinary types of steam-engines, the steam in the cylinder at 
the point of cut-off is less than that actually admitted to the cylinder 
per stroke, the remainder being present in the cylinder as water, or 
having passed away to exhaust by leakage at the slide-valve or 
piston. 

The amount of the loss from these two causes combined varies 
from 20 to 50 per cent, of the total weight of steam supplied per 
stroke. The causes of the presence of water in the cylinder may be 
stated in detail as follows : — 

1. Wetness of the steam originally supplied by the boiler. 

2. Wetness due to condensation in long ranges of steam-pipes and 
in the valve chests, especially when these parts are not well covered 
with non-conducting material. 

3. Initial condensation^’ of the steam on entering the working 
barrel of the cylinder. 

4. Condensation due to work done by the steam during expansion 
in the cylinder after cut-off. 

5. Condensation due to external radiation and conduction from the 
cylinder walls. 

1. Wetness of Steam supplied by the Boiler. — When steam carries 
oyer with it from the boiler to the engines water which has not been 
evaporated, but which passes away mixed with the steam, the 
phenomenon is known as jariming. 

The conditions which determine, to a greater or less extent, the 
quality of the steam supplied from a boiler as to dryness are : (a) the 
rate at which the steam is generated — whether by natural draught or 
accelerated draught;' the greater the rate the greater the tendency 
to wetness. (&) The area of the water surface at the water-level of 
the boiler per pound of steam generated per minute ; the smaller the 
surf ace. area for a given weight of steam delivered, the greater the 
disturbance of the surface, and the more probability of the steam 
being wet— hence the steam is usually dryer from a Lancashire boiler 
than from a vertical-type boiler, (c) The volume of the steam space; 
within certain limits, the smaller the volume the greater the tendency 
to wetness ; hence one means of reducing the amount of priming in 
boilers is to work with the water-level low in the gauge-glass, (d) 
The size of the boiler compared with,.tbe weight of steam required 
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per stroke by the engine ; thus a large slow-running engine, if 
syipplied with steam from a relatively small boiler, causes a fluctua- 
tion of pressure in the boiler at each stroke of the engine, which 
indLncGs surface agitation of the water as the pressure varies, and 
tends to increase the wetness of the steam. This effect may be 
remedied by throttling down the steam-supply at the stop- valve, so 
as to reduce the extent of the fluctuation of the pressure in the boiler. 

2. Wetuess due to Condensation in Steam-pipes and Valve Chest. 

Tlie loss of heat from uncovered steam-pipes is considerable, and 

varies directly as the difference of temperature of the steam and the 
external air, and inversely as the thickness of the pipe. 

The loss from iron steam-pipes uncovered, per degree difference 
of temperature between steam and external air, is approximately 
2 *4 thermal units per hour per square foot of external surface of pipe. 
By covering the pipe with woollen felt J inch thick, this loss is re- 
duced to 0*7 thermal unit per hour per square foot of external surface 
of metal pipe ; with 1-inch covering the loss is 04 thermal unit, and 
with a 2-inch covering 0*24 thermal unit.^ 

All water present in the steam should, as far as possible, be 
separated from it, so that the steam may enter the cylinder dry, and 
for this purpose it is usual to fix a sej^arator 
as near as possible to the engine. The action 
of one form of separator, of which there are 
various designs, will be understood by refer- 
ence to Fig; 129. The wet steam enters the 
chamber at the top, and passes through a 
spiral passage downwards towards the bottom 
of the separator. The whirling motion of the 
steam thus set up causes the particles of 
water present in the steam to strike the 
sides of the chamber, and to flow to the 
bottom of the vessel. The steam passes for- 
ward in a more or less dry condition, in an 
upward direction through the exit pipe, the 
bottom of which is some distance from the 
bottom of the separator. Connected with 
the separator is a “ steam trap ” into which 
the water is collected, and from which it is passed into the feed-tank. 
A gauge-glass is fitted to show the height of water present in the 
bottom of the separator. 

3. Initial Condensation. — Next to the loss of heat at the exhaust, 
that due to initial condensation of steam in the cylinder is the most 
serious of the losses connected with the use of steam as a working 
fluid ; and the endeavour to prevent the loss from this cause has 
accounted for most of the improvements in the steam-engine since 
the time when James Watt invented the separate condenser. Before 
this time the cylinder was used alternately as a steam-cylinder and 
a condenser. 

? These numbers are deduced from a table by Mr. A. G. Brown in “The Indicator,” 
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STEAM-ENGINE THEORY AND PRACTICE. 

When steam from the boiler is admitted to the cylinder with the 
piston at the beginning of the stroke, it comes in contact with the 
metallic surfaces of the cylinder cover, the face of the piston, 
the walls of the steam ports, and more or less area of the circum- 
ferential surface of the cylinder barrel. 

If all these surfaces were as hot as the steam which enters the 
cylinder, no transfer of heat would take place between the steam 
and the’ metal, and therefore there would be no initial condensation 
of the steam. 

But in practice the temperature of the walls is always lower than 
that of the entering steam, the walls being cooled during expansion 
and during exhaust, by having been in contact with the comparatively 
cool steam of reduced pressure at these periods. Consequently, 
during admission of steam at the beginning of the stroke, condensa- 
tion takes place, till the walls are heated up to a temperature 
approaching that of the initial steam. Hence the weight of steami 
admitted to the cylinder per stroke, up to point of cut-off, is greater 
than that present in the cylinder as steam, by the amount condensed 
during admission in the process of warming up the cylinder walls. 

Condensation, then, up to point of cut-off is due to the heat lost in 
warming up the metallic walls with which the steam comes in contact 
in the cylinder. 

In addition to this, as already explained in the chapter on tempera- 
ture-entropy diagrams, there is the condensation which takes place 
after cut-off due to the work done during expansion at the expense 
of the internal energy of the steam. 

Considering the amount of steam condensed in the cylinder, it 
would seem, at first sight, that the cylinder must gradually become 
choked with water. Such is more or less the case when the engine is 
started, and before the cylinders have been properly heated up, and to 
get rid of this water, relief -cocks are fitted at each end of the cylinder, 
which are always opened when the engine is started, so as to blow 
through and relieve the cylinder of the water deposited. 

As the temperature of the cylinder walls gradually increases, less 
water is deposited. If the relief-cocks are now shut, more or less con- 
densation will still continue, but the water deposited is usually removed 
from the cylinder by re-evaporation. 

Re-evaporation. — During the stroke of the piston, as soon as cut-off‘ 
takes place, the pressure of the steam gradually falls, and the water 
present, owing to the removal of the pressure upon it, begins to re- 
evaporate as soon as the pressure of the steam falls below that 
corresponding with the temperature of the water in the cylinder. 
This point generally occurs soon after cut-off, and the re-evaporation 
continues as the expansion continues, the weight of steam present, 
as steam, gradually increasing towards the end of the stroke. When 
the exhaust port opens, the pressure is, more or less suddenly, still 
further reduced and the rate of re-evaporation accelerated, and during 
the exhaust stroke the water of initial condensation more or less 
completely disappears as dry steam. 
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The heat required for re-evaporation is obtained partly from the 
heat in the water itself, but chiefly at the expense of the heat in the 
cylinder walls ; hence the greater the re-evaporation the more heat 
flows from the walls, and the more heat must be given up to the walls 
on the succeeding stroke by the steam during admission. 

The heat given up by the steam to the walls is practically lost 
(except for the small amount of work done by re-evaporated steam), 
because this heat, which is again returned by the walls, is given up 
during exhaust, and thus increases the already large exhaust waste. 

Mean Temperature of Cylinder Walls. — From the experiments of 
Messrs. Bryan Donkin, Callendar, and Nicolson, it has been shown 
that the cylinder walls may be divided into two parts, namely, the 
outer portion, where the temperature is constant ; and the inner or 

periodic portion, where the temperature fluctuates with the tempera- 
ture of the steam in contact with it. 

The depth of the periodic portion is usually very small, and the 
less so as the time of interaction is less between the steam and the 
cylinder walls. 

In all cases economy results from raising the mean temperature of 
the walls nearer to that of the initial steam in the cylinder. The 
mean temperature of the walls is raised as the weight of steam passing 
through the engine per minute is increased, and the condensation is 
thus reduced per pound of steam supplied. 

Conversely all causes tending to reduce the mean temperature of 
the cylinder walls tend also to increased cylinder condensation, and 
therefore to increased consumption of steam per I.H.P. per hour. 

-STT - T-xi! i.11, xj jt thermal units absorbed (specific heat 
^ (of iron X degrees rise of temperature) 

B.ahge of Temperature. — ^The range of temperature of the steam in 
the cylinder is the diflerence — ^3), where is the temperature 
during admission, and the temperature of exhaust. The range of 
temperature is thus independent of the point of cut-ofl*. 

But cylinder condensation depends, not directly on the range of 
temperature of the steam, but on the mean temperature of the 
internal portion of the cylinder walls, and the following relations 
should be noted between range of temperature of the steam and mean 
temperature of the walls : — 

(1) For a given constant range of temperature of the steam in a 
cylinder, the mean temperature of the walls increases as the point of 
cut-off is later ; hence the mean temperature, and also the amount of 
cylinder condensation, may vary considerably with the same range 
of temperature. 

( 2 ) The mean temperature of the walls may remain constant for any 
number of different ranges of temperature above and below the mean ; 
hence the amount of cylinder condensation may vary considerably with 
the same mean temperature, being greater as the difference between 
the initial temperature of the steam and the mean temperature of the 
walls is greater, and vice versa. 
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Wet Steam supplied to Cylinder. — Experiment has shown that 
steam admitted to the cylinder initially wet tends still further to 
increase initial condensation, at least up to a certain limit, and, 
conversely, the drier the steam the smaller the heat interaction 
between the steam and the cylinder walls. Hence the importance 
of draining steam-pipes and valve chest, as already pointed out. 

Water entering the cylinder with the steam tends to become 
partially evaporated in passing through the cylinder, because the 
sensible heat contained in the water on entering the cylinder is 
greater than will be retained by it on leaving, hence a portion of the 
original water is evaporated by the heat liberated at the lower 
pressure. 

4. Condensation due to Work done during Expansion.— In addition 
to initial condensation due to interchange of heat between the steam 
and the cylinder walls, there is, during expansion in the cylinder, an 
internal or molecular liquefaction due to work performed at the 
expense of the internal energy of the steam ; therefore the greater 
the expansion the wetter the steam becomes. The extent of the 
condensation due to work done has been already explained under 
temperature-entropy diagrams (p. 44), and on unjacketed cylinders 
the causes tending to wetness of exhaust exceed those tending to 
dryness. 

Speaking generally, the amount of initial condensation depends — 

(1) Upon the difference between the initial temperature of the 
steam entering the cylinder and the mean temperature of the cylinder 
walls, condensation being less as the mean temperature of the walls 
approaches the temperature of the initial steam, 

(2) Upon the point of cut-off in the cylinder ; the mean temperature 
of the cylinder walls is higher, and therefore the condensation is less, 
as the cut-off is later — that is, as the greater weight of steam is 
passed through the cylinder per stroke, other things being equal. 

(3) Upon the time of contact of the steam with the cylinder walls, 
condensation being less as the rate of revolution (N) increases, other 
things being equal. 

(4) Upon the extent of cylinder surface exposed to the steam when 
the piston is at the beginning of the stroke, condensation being less 
as the area of metallic surface taking part in the heat interchange 
is less. 

The measure of initial condensation in the cylinder has been 
expressed by Escher thus : 


OW = pA 


-S- 

ViXT,, 


where 0 = initial condensation in B.T.U. per pound of steam ; W = 
weight of feed- water in pounds per stroke; s = exposed surface of 
the metal at beginning of stroke ; Tj = initial temperature of steam ; 

= mean temperature of cylinder walls (absolute scale) ; p = the 
density of the entering steam ; H = revolutions per minute ; A is a 


\ 
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which is given as 80 for unjacketed cylinders, and 56 for 
.H^cJ^eted cylinders. This constant will vary with varying types of 

To find the Weight of Steam accounted for by the Indicator 
, — To find the weight of steam in a cylinder per stroke from 

j iGi indicator diagram, it is necessary to know the volume occupied 
‘the steam present in the cylinder 
Jtt t,he point of the stroke chosen for 
iiioaLiSiirement, and the pressure of 
Htenxn at that point ; then, knowing 
froixi the Steam Tables the weight 
pen cubic foot of steam at the given 
pi‘essure, the weight required can 
l)e a,t once determined, 

THe points from which measure- 
niertts are taken must be chosen 
from that portion of the diagram 
where the slide-valve covers the 
ports, and where the steam is completely enclosed within the cylinder, 
aixci its volume definitely known. In other words, the points must 
ho chosen on the expansion curve after cut-off and before release, 
or or^ the compression curve after exhaust closure and before opening 
of tile port for readmission. 

Thus, referring to Tig. 130, OA = clearance volume, AY = piston 
displacement, lUj, = weight of 1 cub. ft. of steam at pressure "b. All 
vol lames are expressed in cubic feet. Then — 

< 1) Weight of dry steam at &. 

= I ^ piston displacement x ^ + clearance volume 



(2) Weight of dry steam at c 

= I ^ piston displacement x ^ + clearance volume | 
(^3) Weight of dry steam at d 

= I ^ piston displacement x ) + clearance volume j- 


Irt the same way, the weight of steam may be determined for any 
otlier point on the expansion curve. 

To find the Dry Steam Fraction at Cut-off. — The indicator diagram 
aceonnts for all the steam present in the cylinder as steam, but it 
gives no clue as to the amount of water present in the cylinder at 
the same time, or as to the extent of the loss by leakage, unless we 
ha.ve first some independent means of determining the weight of 
ste£tm supplied to the engine, as by weighing the feed-water, for 
exia^mple, or by other methods to be afterwards described. Then, to 
find, the dry steam fraction the facts required are as follows : — 

(^1) Total weight of feed-water per hour -f- number of strokes per 
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hour = actual ■weight of working fluid passing through cylinder per 
stroke^ called “ cylinder-feed.’^ 

(2) Weight of steam per stroke (assumed dry) retained in the 
cylinder as clearance steam is determined from compression curve 
at the point h being chosen as near as possible to the actual 
exhaust closure (Fig. 130). 

(3) Total weight of steam in cylinder per stroke after cut-off* and 
during expansion = cylinder-feed -h clearance steam. 

(4) Weight of dry steam at cut-off (determined from the indicator 
diagram by measurement, as already explained). 

(5) Dry steam fraction at cut-off = (dry steam measured from 
indicator diagram) -i- (cylinder-feed + clearance steam). 

In the same way the dry steam fraction may be determined by 
measurement for any other portion of the expansion curve up to 
point of release. These results may be shown graphically by the 
following method : — 

To apply the Saturation Curve to an Indicator Diagram.^ — This 
curve represents the curve of expansion which would be obtained if 
the whole of the steam and water passing through the engine per 
stroke were present in the cylinder as dry saturated steam. It also 
supposes no condensation during expansion. This is the ideal curve 
which is aimed at when the steam jacket is used. 

To draw the curve, set off, as before explained, the clearance* lino 
and the zero line of pressure, and draw a horizontal line through any 
point c (Fig. 131) on the expansion curve of the diagram at cut-ofT 

or beyond it ; then ad is the clearance 
volume, ah is the volume of the known 
weight of steam in the ‘cylinder during 
expansion, supposing it all present as 
dry saturated steam at pressure c, and 
including the weight of steam enclosed 
during compression, and the weight of 
steam passing through the cylinder per 
stroke. Also ac -f- ah is the dry steam 
fraction at c. The steam in the clear- 
ance space at beginning of compression 
is assumed to be dry saturated steam. 

The dry steam fraction curve below 
the indicator ’diagram (Fig. 131) is con- 
structed for all points of the expansion curve from cut-off to release 
by^ setting up from a horizontal line to any scale the ratio a' c' -* 

= ac-^ ah. The fraction ch -r ah represents the loss by conden- 
sation and by leakage. 

Indicator Diagram to the Temperature-Entropy 
Chart.'— The temperature-entropy chart is illustrated on Plate I and 
consists, as already explained, of that portion of the temperature- 
entropy _ diagram enclosed between the “water-line” and the “ drv- 
steam line,” on the left and right respectively, the horizontals 
^ See also Boulvin’s method, p. 304. 
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being lines of temperature. The portion of the 
itXx used will depend, of course, upon the range of temperature 
)euween which the particular engine works. 

-X placing the indicator diagram upon the chart is to 

heat-units converted into work per pound of 
^ 'eam expanding in the cylinder, independently of all considerations 
as to size or power of the engine, and to show what the extent of the 
<>«ses are as compared with a perfect engine working between the 
same limits of temperature. 

^ The temperature-entropy diagram drawn upon the chart differs 
lom the indicator diagram in giving, not the work done per stroke in 
toc^~pounds, but the work done per pound of steam in thermal units. 

is necessary first to know the weight of steam passing through 
the engine per stroke, aiid the weight of steam enclosed in the 
clearance space. Then the saturation curve can be applied to the 
indicator diagram, as explained on p. 116. 

^ Xf it is required only to compare the actual expansion line of the 
indicator diagram with the adiabatic or saturated-steam lines of 
tlxG temperature-entropy diagram, then the method is similar to that 
shown in Pig. 131, the value of ac ah being determined for a 
number of points between cut-off and release. Then, knowing the 
pressure and dry steam fraction for each point taken on the indicator 
diagram, corresponding points, a!d a’b\ on the same pressure lines 
may be located at once upon the temperature-entropy chart (Fig. 133). 
If or this purpose no constant-volume lines are required to be used ; but 
when it is required to transfer points other than those on the expan- 
Hiori curve, it is necessary to find the diagram factor of the indicator 
diagram. 

If the steam expanding in the, cylinder, including the steam 
enclosed at compression, weighs exactly 1 lb., the diagram factor 
will be 1. If the actual weight expanding is either more or less 
than 1 lb., it is necessary to find the factor by which the actual weight 
of steam must be multiplied, so that actual weight x diagram factor 

== 1 I 

or diagram factor = — ? — i 

° actual weight 

The diagram factor is used in order to express the changes of the 
indicator diagram on the chart in terms of 1 lb. of steam. 

If, now, any point d (Fig. 132) on the indicator-diagram be taken, 
and the volume of the steam in the cylinder corresponding with that 
point be determined, this volume multiplied by the diagram factor 
gives the position of the point d as to volume on the chart (Fig. 
133), and, its pressure being known, its position is completely 
determined 

Example. — In Fig. 132 take any point c^then d can be imme- 
diately found on Fig. 133 by finding the line of pressure on the chart 
corresponding with the pressure of c on the indicator-diagram, and 
making the ratio a'd -r- = ac ab. 
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To find any other point, as d', not on the expansion line, find the 
actual volume of the steam in the cylinder at d, and multiply this 
volume by the diagram factor. This gives 
the constant-volume line on which d' will 
be found, and, the pressure of d being 
known, the position of d' is completely 
determined. Any other points may be 
similarly found. A free curve is drawn 
through the points thus found. 

In the example chosen, the mean-ad- 
mission line up to cut-off has been sub- 
stituted for the actual line. The mean- 




Fig. 132. 


Fig. 133. 
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admission line and the back-pressure line are both taken back to the 
water-line, and the compression curve is neglected. 

If there were no losses whatever in steam-engine cylinders, the 
diagrams of work done per pound of steam would fill the whole area 
between the water-line on the left and the vertical adiabatic line on 
the right (Fig. 134), and between the upper 
horizontal line representing the pressure of 
steam at the engine stop-valve, and the lower 
horizontal line representing the pressure in 
the exhaust pipe. The object is to fill up 
as much as possible of the available area on 
the chart. 

It will be seen that (neglecting the effects 
of compression) there are four conditions 
which determine the gain or loss in the 
thermal efficiency of the steam expanding in 
the cylinder. 

(1) The nearness of the mean-admission 
pressure line ah to that of the source from 
which the steam is supplied. 

(2) The proportion of dry steam present in the cylinder ; in other 
words, the extent to which the dry-steam fraction line lo of the 
actual engine diagram, shown shaded, approaches the dry-steam line 
ot the chart, enlarging or otherwise the area of the shaded diagram 
between the water-line and the dry-steam line. 

(3) The number of expansions of the steam, or the extent to which 
the pressure at end of expansion approaches the back pressure. Thus 
(.fig. 134) the line cd represents fall of -pressure during release, the 
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Fig. 134. 
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fall taking place at nearly constant volume, and following very nearly 
a constant-volume line of the chart. 

When the terminal pressure of expansion is carried down to back 
pressure, the expansion line he extends to /; but as the difference of 
pressure between that at the end of the expansion and the back pres- 
sure becomes greater, the further the release-corner line cd recedes from 
the point /, the blunter the corner becomes, and the greater the . loss 
of area due to incomplete expansion. When the steam is admitted to 
the end of the stroke, and the engine is worked without expansion, 
the line cd recedes to the position shown by the dotted line hm, where 
hm is also a line of constant volume. 

(4) The nearness of the back-pressure line to that representing 
the pressure in the exhaust pipe. 

Relative Effects of Cylinder Condensation and Number of Expan- 
sions of Steam in a Single Cylinder. — If the indicator diagram from 


an engine with an early cut-off be drawn 
entropy chart, the diagram will have some 
form similar to that shown by the shaded 
area. If, now, the indicator diagram for a 
later cut-off 1)6 transferred, it will have 
some position extending further towards 
the right to the dry-steam line, as shown 
by the unshaded portion ; and showing a 
larger dry steam fraction, and a gain of 
work done per pound of steam by increased 
dryness of the steam. But with the earlier 
cut-off there was a gain of area by increased 
expansion, and these two areas — one due to 
increased dryness, and the other due to 
increased expansion — tend to neutralize each 
other. For a limited number of expansions, 
the gain by increased expansion is the larger 
gain, but beyond this the gain may become 

owing to 


upon the temperature- 



W'Mk 




Fig. 135. 


negative 
The best 
cylinder is 



iQ loss by condensation, 
number of expansions in any 
that which gives the largest 


CUB. FT PER LB OF STEAM. 
Fig. 136. 
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Fig. 137. 


work area per pound of steam passing through the engine.^ 

Usually, from three to' five expansions in one cylinder give a 
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maximum work area ; but the best number of expansions, considered 
from this point of view, varies with different types of engines, and 
can only be determined by experiment. 

To draw the Adiabatic Curve cm the pv Diagram from the Temperature-- 
entropy Chart . — From the point 0 (Fig. 136) draw rectangular axes OP, 
and OV to any convenient scales. At Pj, P 2 , P 3 , etc., draw horizontal 
lines Pja, P^S, etc., representing to scale the volumes — taken fi'oni the 
Steam Tables — of 1 lb. of saturated steam at absolute pressures Pj, P^, 
etc., and join the points a, c, & by a free curve. Then ach represents 
the curve of volumes for 1 lb. of saturated steam without condensation. 
Divide the line P^c at e, so that T^e -P PgC = %ei -f- on the tempera- 
ture-entropy chart (Fig. 137), and so on for any number of divisions. 
Then, by joining the points so found, we obtain the dotted line aed on 
the pi? diagram (Fig. 136), which is the adiabatic curve required. 

Hirn’s Analysis. — This is a method of analyzing the action of the 

steam passing through the 
cylinder, and showing by 
areas the quantities of h(‘at 
interchanged between the 
steam and cylinder walls. 
This method, first einj)loy(‘d 
by Him, has been develojjed 
graphically by Prof. Dwel- 
shauvers I)ery, of Li5ge.'^ 

The portions of the stroke 
are indicated by subscript 
letters corresponding with 
those on the diagram (Fig. 

, „ . « . , 138); thus a for admission, 

0 tor expansion, c for exhaust, d for compression. Then 



— V— 

Fig. 138. 


V, = 

y. = 


\olume in cubic feet described by piston during admission. 

expansion, 
exhaust, 
compression. 


v„ = volume in cubic feet of clearance space. 

V = whole volume displaced by piston. 

Worh dow in Thermal Units.—The work done in thermal unite by 
the steam during the several portions of the stroke is represented by 
1 With its appropriate subscript, thus : 

T„^ = work done during admission = area ep'mJce in thermal units. 

— 55 »» expansion = ,, Icmnsh „ 

” » exhaust = ,, hgpsh ,• 

„ compression = „ efghe „ ” 

; + Tj = absolute work done by steam = area ep’mnse. 

' ® ~ ^et area of indicator diagram. 

Seat exchanged.— The quantities of heat in thermal units exchanged 
* Ptoc. Inst. C. ff., vol. xoviii. p. 254. 


% 

T. 

T. 

T„ 
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between the steam and the metal are represented by areas Rj, etc., 
the areas being drawn to the same scale as the work diagram. 

R^, = heat exchanged between metal and steam during admission. 

R'i, = ,5 j, „ ,, expansion.- 

R,. = „ „ „ „ exhaust. 

'Rd = » „ „ „ compression. . 

E = heat lost hj external radiation. 

Q = the quantity of heat supplied to cylinder per stroke by ad- 
mission steam. 

Q' = the quantity of heat supplied from the jacket. 

Q + Q' = total heat supplied. 

Weight of Steam. — Let the weight of wet steam admitted to the 
cylinder per stroke = M lbs., of which Mic is the weight of dry steam, and 
M(1 — ic) is the weight of water present in the steam. Then, neglecting 
the effects of leakage, the actual condition of the steam at any point in 
the expansion curve is known, since the actual weight of steam passing 
through the cylinder per stroke is known by a test of the engine. 

Let also the weight of steam retained iii the clearance space each 
stroke = The actual weight of this steam may be measured, 
knowing the pressure g at beginning of compression^ and assuming 
the steam dry at this point. 

Quantity of Heat. — The heat Q required to raise M lbs. of water 
from 32° Eahr. to its temperature of admission, and to evaporate the 
portion Ma?, is — 

Q = M(^ + xIj) 

For superheated steam heated from normal temperature of 
saturated steam to temperature t ^ — 

Q = M{?i + L + 0-48(i. -g| 

Internal Heat of Steam. — The internal heat of the steam in the clear- 
ance space at commencement of compression, assuming the steam dry — 

= ^g(hg + pf) 

where M^, hg, and pg represent weight, sensible heat, and internal 
heat respectively of steam at pressure and volume at point g on the 
diagram (Fig. 138). 

The internal heat at cut-off = (M + 
where = dry steam fraction at point m on the diagram (Fig. 138). 

The internal heat at end of expansion = (M + 

And similarly for the several parts of the cycle. 

Thermal Units interchanged between the Steam and the Metal enclosing 
the Steam in the Cylinder. — 1. To find the heat R^ exchanged during 
admission. The heat supplied is Q ; the heat in the cylinder at 
admission is ; the work done is T„ ; and the heat re- 
maining in the steam at- cut-off is (M + + x^p^. Then — 

Q -h -h (M + -j" (1) 

from which R^ may be obtained. 
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If the steam is superheated at cut-off, this equation will be niocli- 
lied by corrected values for the heat supplied, aud the heat contained 
in the steam at cut-off, as explained above, and in the chaptei on 
superheating. The temperature of superheated steam at cut-on 
may be determined by its increased volume over that of the same 
weight of saturated steam at the same pressure, it being assuinc^d 
that superheated steam behaves as a gas, and that its increase of abso- 
lute temperature is proportional to its increase of volume. 

2. To find Ri, the heat exchanged during expansion. The heat 

in the steam at the end of expansion is (M + \ 

external work is T,; the heat present at beginning of expansion is 
(M + ; then— 

(M -b llXkn + = T, + E, -f (M + (2) 

from which may be obtained. 

3. To find R^, the heat rejected by the cylinder walls to the 

steam during exhaust. The heat in the steam at the end of ex- 
pansion is (M -f -h cr„p«) ; the work done upon the stoain 

during exhaust is T^ ; the heat in the steam at beginning of com- 
pression, assuming the steam of compression dry, is + ^//Pr/)* 

The heat rejected to condenser in exhaust steam is measured by 
a test of the engine, and by actually weighing the steam condensed 
in a surface condenser in a given time, and then dividing the amount 
weighed by the number of strokes made by the engine in that tim(‘. 
This gives the weight of steam ( M) exhausted per stroke. Then M 
lbs. of steam become water at temperature t. The heat in this 
condensed steam is now The heat carried away by the con- 

densing water equals the weight of condensing water (W) per stroke 
multiplied by its increase of temperature in passing through the 
condenser = *- t.,). Then — 

(M-f Mi,)(^H+^,ipH)+Tc=Ec+M^j-fW(fi — (3) 
from which R^. may be obtained. 

4. To find the heat, R^, exchanged between the walls and the steam 
during compression. 

The internal heat in the steam at beginning of compression is 
Then work is done upon it = T^ during compression ; 
and the internal heat of the steam at end of compression is + 

Xypy) ; then — 

d" 4" Tj 2 = 4“ ^/P/) d" Rd • . . (4) 

from which R^ may be obtained. 

Graphic Hep*esentaiion of the Quantities of Heat exchanged. Scale of 
the Diagram.—The quantities of heat employed in the performance 
of work may be measured directly from the indicator diagram. 

The volume described by the piston is represented by the leno-th 
of the indicator diagram. From this a scale of cubic feet of piston 
displacement may be made upon the diagram. 

The vertical scale of pressures oa the indicator diagram represents 
pressures per square inch; but it may be converted into a scale of 
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pressure in pounds per square foot by multiplying the scale by 144, 
t>r by dividing the unit of the inch-pressure scale by 144 to represent 
^ pressure of 1 lb. per square foot. Then an area having P, or the 
unit of pressure per square foot for height, and V, or the unit of 
volume in cubic feet for length, = 1 foot-lb. of work. This area 
multiplied by 778 represents a thermal unit on the diagram, and is 
the unit chosen for representing also the heat-exchanges. During 
admission, if P^ is the pressure per square foot, and the volume 
displaced by the piston up to point of cut-off = os (Pig. 139), then 

P Y 

work done = P„Y. foot-lbs. = thermal units = T.. Hence — 


778 
P.= 


778T, 

Y„ 


The area P^Y^, measured from the zero lines of pressure and volume, 
represents to the scale of the diagram the heat expended . in the 
cylinder in doing the work of admission = area oefs. 

Seat- exchange Areas , — Having obtained by equation (1), a rect- 
angle is drawn on the same base Y„ = os, and at height = oe, so that — 

778R„ , 

^ a 

Then the rectangle at a height above os represents, to the same 
scale as the indicator diagram of work, the heat given by the steam 
to the cylinder walls. 

Similarly for the other parts of the stroke, the rectangles can be 
drawn representing Rj, R^, and R^ respectively : 


778R'' 


778R, 

Y. 


^ ^778R, 

• <1 ' 


the 


heat-ex changes 


These rectangles represent the mean result of 
during the several portions of the stroke. 

Distinction between Positive and Negative Quantities of Heat. — 
In the forward stroke during admission, the heat transferred from 
steam to metal is considered positive, 
and the rectangle R^ representing the 
heat quantity is drawn above the 
zero line on the base os (Pig. 139). 

For the heat-exchange during the ex- 
pansion part of the stroke, the heat 
passes conversely from the metal to 
the steam ; the interchange is con- 
sidered negative, and the rectangle 
is drawn below the zero line on the 
base at down to jv 

Por the backward stroke, the op- 
posite positions are adopted for the 
positions of the rectangles, namely, 
above the zero line for negative ex- 
that is, from metal to steam ; 



Pia. 139. 


change- 


and below the zero line 
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for positive exchange — that is, from steam to metal. Hence the 
exhaust rectangle fig is drawn above the zero line on the base mt, 
and the compression rectangle is drawn below the zero line on 
the base om. The positive and negative quantities are further 
distinguished by the direction of the cross-hatching on the rectangles. 
The sum of the rectangles R„ + — R^ = R^ = the net heat-ex- 

change while the steam is enclosed in the cylinder ; and rectangle 
R^ = area oknt may be constructed on the base ot. The area R^ = 
rectangle R^, the heat rejected to exhaust, if there were no loss by 
external radiation, E; but since there is always some loss E in 
practice, then — 

from which E may be obtained. In Fig. 139 the difference between 
the areas of the rectangles ohnt and the rectangle Rg, expressed as 
thermal units, represents the loss E. 

If the cylinder is steam-jacketed, the water of condensation from 
the jacket is weighed separately, and the weight of water collected 
from the jacket per hour divided by the number of strokes of the 
engine per hour gives the weight (M^-) of steam condensed in the 
jacket per stroke. Then the heat-units (Q') per stroke given up by 
the jacket — 

Q' = X L 

where L = the latent heat of steam at the pressure in the jacket. 

If Rg = heat rejected to condenser during exhaust, T = work done 
by steam, then — 

Q + Q' = T-hRg + E 

or, ill words, the total heat supplied, including the jacket heat, is 
equal to the heat expended on work done, plus the heat rejected to 
condenser, plus the heat lost by external radiation. 



CHAPTER VII. 

COMPOUND ENGINES. 

Various methods have been adopted to increase the efficiency of the 
steam in the cylinder, including — 

1. Compounding the cylinders. 

2-. Steam-jacketing. 

3. Superheating. 

4. Increased rotational speeds. 

And these methods will now be described in the above order. 

Compound Engines. 

It will be clear, after studying the temperature-entropy chart, that 
the proportion of useful work to be obtained per pound of steam will 
increase as the initial pressure increases, providing advantage is taken 
of the possibility of working the steam expansively so as to recover a 
portion of its internal energy, and providing also that initial con- 
densation and all other condensation can be reduced. 

IPressures are gradually increasing ; large ranges of expansion arc 
being obtained by means of the multi-cylinder engine ; reduced 
losses by condensation are being secured by compounding, steam- 
j’acketing, superheating, and increased rotational speeds. 

Referring to the compound engine and the reasons for its adoption, 
there are three important objections to working steam at high pres- 
sures and large expansion in one cylinder, and these objections become 
more serious as the pressure and number of expansions increase, 

1 . The volume of the cylinder must be sufficient to provide for the 
required expansion of the stekm, but it must also be sufficiently 
strong to carry the maximum pressures. Similarly, also, the working 
parts require to be sufficiently large and strong to transmit the 
maximum stresses ; and since the maximum pressures and stresses 
are greatly in excess of the mean when the number of expansions in 
one cylinder is large, the engine becomes excessively heavy and costly 
compared with the power exerted. 

2. The loss by initial condensation increases rapidly as the number 
of expansions in one cylinder increases. 

3. The turning effort on the crank-pin becomes excessively variable. 

."By the introduction of the compound engine, the range of stress on 

the working parts, the loss by initial condensation, and the irregu- 
larity of the turning effort are much reduced, as compared with a 
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single-cylinder engine working witli the same initial pressure 
number of expansions. Hence, for smoothness of working, with a 
wide range of pressures, and for economy of fuel, the compound 
engine was an important advance on the simple engine. 

The improvement in the distribution of the stresses, ^ and of the 
turning effort effected by compounding the cylinders, is dealt with 
later. The reduction of the loss by initial condensation in ccun- 
pound ^gines as compared with single-cylinder engines working 
through the same range of pressures may be accounted for as follows 

1. Because the heat transferred from the steam to the metal 
depends upon the difference of temperature between the initial steam 
and the metal with which it is in contact ; but in a compound engine 
the only cylinder coming into contact with condenser pressures and 
temperatures is the low-pressure cylinder, and the further i*emoved 
from the low-pressure cylinder, the higher the temperature ^ of the 
walls of the preceding cylinders. This corresponds also with the 
temperature of the sbeam passing through the engine, the hot steam 
meeting the hot walls, and the cooler steam the cooler walls ; ^ hence 
the difference of temperature between the steam and the walls in 
contact with it being reduced, the condensation is reduced also. 

2. Because initial condensation in the successive cylinders of a 
compound engine is not cumulative, but is approximately that due to 
one cylinder only. The water due to initial condensation in each 
cylinder is usually re-evaporated during the exhaust stroke in that 
cylinder, and leaves the cylinder as steam, to provide for the needs 
of the succeeding cylinder, and so on. 

Methods of Compounding. — The essential feature of compounding 
is to exhaust the steam from one cylinder into a second cylinder of 
larger volume, where the steam may do further work by continued 
expansion. This may be repeated through three or four or more 
successive cylinders. 

Engines may be compounded by exhausting from a high-pressure 
cylinder into a low-pressure cylinder of one or other of the following 
types : — 

1. A cylinder of larger diameter but the same stroke, which is the 
usual arrangement. 

2. A cylinder of the same diameter but longer stroke. 

3. A cylinder having the same dimensions as the high-pressure 
cylinder, but with its piston making a larger number of reciprocations 
or strokes per minute, the engines working on independent cranks. 

4. Any combination of these methods. 

In all cases the work done in a cylinder, or between the pistons 
of a compound engine, or in any combination whatever of cylinders 
and pistons = — ^1)5 where is the mean pressure, and 

(Yg — Yi) the increase of volume while the steam is enclosed, and 
independently of the way in which the increase of volume is obtained. 

Double-expansion compound engines may be divided into two 

^ The high-pressure cylinder might be called with equal correctness the high- 
temperature cylinder, and the low-pressure cylinder the low-temperature cylinder. 
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stroke in the high-pressure cylinder is 30 lbs., and again cutting off at 
I of the stroke, the initial pressure in the high-pressure cylinder is 90 
lbs. absolute. 

For boiler pressures of 160 to 180 lbs. and condensing engines, the 
steam is expanded in three cylinders successively, which arrangement 
is known as the triple-expansion engine. 

At boiler pressures of 200 lbs. and upwards quadruple-expansion 
engines are used. 

Equal Distribution of the Work and Initial Stresses between the 
Cylinders. — In the example just chosen of a two-cylinder, or double- 
expansion compound, with the volume of the high-pressure cylinder 
equal to the volume of the low-pressure cylinder up to cut-off, the 
curve of expansion is continuous, as shown in Fig. 142, and there is 
no loss by compounding with such an arrangement, as the work done 




is the same theoretically as would be done in a single cylinder of the 
same dimensions as the low-pressure cylinder. 

But from Fig. 143 it will be seen that it is possible to secure this 
with any number of different ratios between the cylinders ; thus, if 
OV 3 == volume of low-pressure cylinder, then if ah be drawn as 
shown, Oa may be taken as the back pressure on the high-pressure 
cylinder and the forward pressure on the low-pressure cylinder; 
OVi = volume of the high-pressure cylinder ; peha is the work 
diagram for the high-pressure cylinder, and ahfvfi is the work 
diagram of the low-pressure cylinder; h is the point of cut-off in 

the low-pressure cylinder ; and is the ratio between the cylinder 


volumes. 

Again, if cd had been drawn instead of ah^ then Oc is the pressure 
between the cylinders ; pedc and cdf are the respective work 
diagrams ; d is the point of cut-off in the low-pressure cylinder ; and 

is the ratio between the cylinders. 

Hence the ratios between the cylinders may be widely different. 
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In fixing the ratio for any given case, the ratio is so chosen 
that the effective work areas of the respective cylinders and the 
initial stresses on the respective pistons are as nearly as possible 
equal. 

Taking the case illustrated in Fig. 144, where = 100, with 
8 expansions ; ratio of cylinder volumes 1:2; back pressure 4 lbs. 
absolute. Comparing the work done in the two cylinders and the 
initial stresses on the pistons, we have — 

Mean effective pressure in the high-pressure cylinder — 

1 -f loge r 

Pm = Pi P, 

1 + 1*386 

= lOO—I^-^ 25 

4 


Mean effective pressure in the low-pressure cylinder — 


P^= 25 


1 4- 0*693 


Multiplying and Vi and and we have — 

(34*65 X 1 = 34-65) and (17-16 X 2 = 34-32) 

that is, the work done in the two cylinders is practically dqual. 

Comparing now the initial stresses on the respective pistons, we 
have — since these stresses are in the ratio of the net initial pressures 
multiplied by the relative areas of the pistons — 

(100 - 25)1 : (25 - 4)2 : : 75 : 42, or as 1*8 to 1 
In other words, the initial stress on the high-pressure piston is 
much in excess of that on the low — that is, the area of the high- 
100 pressure piston is too large. Hence, 

I \ when the cylinders are designed to give 




Fig. 144. 


Fig. 145. 


an equal distribution of the work with a continuous expansion 
line, the high-pressure cylinder is too large to maintain equality 
of initial stresses on the pistons ; and at the loss of some efficiency, 
it is necessary in practice to reduce the dimensions of the high- 
pressure cylinder. 

This may be done by retaining the cut-off at point h (Fig. 145) in 
the low-pressure cylinder, and reducing the high-pressure cylinder 
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, r. T X « T'l.i-c- nrrflTKyf^ment will cause a fall or ‘‘drop” 
of ^LurTa* the end of the stroke in the 

a to the receiver pressure c, and a consequent loss by drop of he 
triant^ular area del Here the initial stress on the low-pressure piston 
is unchanged while the stress on the high-pressure piston is reduced 
^ proportion of oc - ab. By a certam amount o . comp™ 
it wdl be>ssible in this way to approx^ately equalize both the- 
work done and the initial stresses in the cylinders. 

The same principles apply to the design of any number of succes- 

''FeSesof the Compound Engine.-l. Effect of varying the Cutoff 
in the High-pressure cylinder on the Ets^ibuiim of Power. ®^PP°®® ^® 
cylinder ratios to be 1 ; 2 ; the cut-off in the low-pressure J® 

be constant at 0-5, and to enclose a yolume at cut-off equal to the 
whole volume of the high-pressure cylmder. Then the effect on the 
distribution of power between the cylinders may be shown by the use 
of the diac^ram (Fig. 146), which assumes hyperbolic expansion, in 
° practice this diagram is subject to 

many, and in some respects con- 
siderable, modification, but for obtain- 
ing a general idea of the various 
eftects occurring in compound engines, 
whether for double, triple, or quad- 
ruple expansion, it is very helpful. 

With a cut-off at 0*25 of the stroke 
in the high-pressure cylinder, and at 
an initial pressure pi, the steam ex- 
pands in this cylinder along ah to a 
terminal pressure pg = pi X 0*25, neg- 
lecting clearance. This is also the 
pressure in the receiver. Then the 
work diagram of the high-pressure 
cylinder is given by. the area pia&ps, and of the low-pressure cylinder 
by the area p^fee/o. 

With a cut-off at 0*5 of the stroke in the high-pressure cylinder, 
approximately twice the weight of steam is supplied per stroke ; the 
steam is exhausted from the high-pressure cylinder into the receiver 
at some higher back pressure p 2 , acting as back pressure on the small 
piston and as forward pressure on the large piston, and the work 
diagrams are given by the areas pipwp 2 andpa^^/ofor the small and 
large cylinders respectively. 

There is here, with a late cut-off, a large increase of work done 
in the low-pressure cylinder, while the work done in the high- 
pressure cylmder is nearly the same with ’a late as with an early 
cut-off. 

The same point is illustrated by Pigs. 147 and 148. These show 
that — when the power is regulated by the cut-off— as the cut-off in 
the high-pressure cylinder is made later, the total power of the 
engine is increased, and the larger share of the increased power is 
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taken in iht‘ low-pressiin^ cylinder ; with 
|K)W(‘rs, tlu^ lar^nn* whan' of th(^ work 
cylind<*r, an<l as this |H)\v(‘r is naluced to 
a ininiinutn, tli(‘ power in tin* low-priTSSurt^ 

{•ylindtn* may he? iHslucfal to y.<*ro (Fi<^. 147). 

In non-comhm.sinjLt compoundH, at lififht 
loads, if by ext<*uded expansion, the nu‘an 
absolute forward |>reHHur(* of the steam in 
the low-press\ire t‘yliruh‘r falls below that 
necessary to overcoim^ the rt*sistan(‘es dxn^ 
to back pnessun*, and th(T frietJon of th<^ 
moving |)arts of the low-pressun^ <*ngiu(^, 
then tln^ Iow«pn‘Hsim‘i cylindfT is worse 
than usel(\ss, and it may, in fact, bet‘ome 
the cause of a siudous loss of <4rH*i<m<*y. 

il(*nc(^ non <’<»ridensing com[KfUnd <ai- 
giru'S an^ most suitable w‘hert» the loa<l is 
fairly constant, and they should not Iut 
worked with a terminal pn^ssure on the 
low-p^^sHure cylinder Inflow alsmt 20 lbs. 

absolute. If (*xpftud«*(l bekfw aimosphtude pre.ssure, thti low-pressure 
diagram will .show a negat ivcv work loop (se<^ Kig. 150), 

2. Effect of throttVimj the Steattonupphi on the Dhirihution 0 / tlm Power 
hetmen the ( Jonsitlering ratiem of cylind(TH I : 2 as befor(‘, 

without drop and the cut tdF in both eyllmhu’s constant at half»Htrok(^ 
Then (Fig. 145) if tlie initial steam pr<*sHure Im pj, th(i terminal prc‘s- 
Hure in thi^ higlepressurt^ cylinder will be -f. 2 ; this also will b(^ 
the pressure in th<i recta V(u% and thtT ti*rminal pressure in tht^ low-- 
pressure cylinder will ht^ pj -d- d. Tht^ work art^as in thti high and 
low-pnmsxin^ (cylinders art* pd/a/o and pphfo ntsptHdtvtdy* 

If, now, thtT Htt*am-supply bt* throttled down to lbs. = l/ij, then 
the effect on tint distribution tff pow<*r lad ween the tjylindc^rs is seem ; 
thus, area ft»r tint high-pn*HHuns and pjnfo foi* th<^ low.|)resKure 

cylinder. At high powers tin* distriluitioa is the sa^me as in CascT ( 1) 
with a late cut-oif (0*5), hut at low jH>wers and with tht% st<*am-Hupply 
throttled, tln^ work dontT in the high-pressure cylinder is now much 
reducetl, while the work d<ine in th<T low-pressure cylind<*r nunains 
the same as in (1) with cut-off at 0*25. This shows a less 

satisfactory distribution of the |x>wer between the (cylinders than 
if the power had bc^en red ucesi by an c^irlier (‘utxdf instead of by 
throttling. It fdso shows that, theorcTtically, throttling to a presstirc^ 
|>2 is less economif*al than altering the cut-off from 0*5 to 0*25 with 
constant initial pr«issure, for in lH»th cases the same wc*ight of steam 
is exhauste<l per strokiT, namc*ly, th(^ low-pressure cylinder volunn^ 
at pressure /c, though, with throttling, the useful work area is rculuced 
by the arc*a The theoretical gain would not, liowever, be fully 

realizcxl in practice, owing ttT grc*ater loss by cylinder condensation 
with an (*arly cut-off 

A similar result is mmi by diagrams Figs. ‘ 149 and 150. which 


Variable Cdt-opf 

IN H.P. Cylinder. 

Constant „ 

L.P. „ 

Point of 

Ratio of work done 

cut-off. 

. in cylinders. 


Fig. 148. 

Throttlin-g Governing in H.P. Cylinder. 
Condensing. 

* Ratio of work done 

Initial in cylinders. 


I 


Fig. 149. 

Non-Condensing. Throttling. 

1 Ratio of work done 

Initial i in cylinders. 


Fig. 150. 


Constant Cut-off 

IN H.P. Cylinder. 

Variable „ 

L.P. 

Point of 

Ratio of work done 

cnt-ofT. 

in cylinders. 


Fig. 151. 
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effect of throttling. Tig. 149 is for a condensing engine, 
IFig. 150 for a non-condensing engine. The dotted shaded areas 
^ the work areas when the initial pressure has been reduced by 

> bottling the steam-supply to the high-pressure cylinder. The full- 
hgures show the effect on the distribution of the power before the 
lux-fcxal pressure was reduced by throttling. 


CUT'OFFiNBOTH CYLINDERS -5 



IB^ig. 152 shows the effect on the distribution of the power between 
tho cylinders, of throttling the initial steam between the ranges of 
lOO and 40 lbs. pressure. Vertical measurements above and below 
tlxo pressure line give the work done in the high and low-pressure 
cylinders respectively. The effect of adding a condenser is also 
slxo^wn. 


3 . Effect of a Variable Cut-off in i 
trlJbution of the Power between the 
O^/ Under s. — XT nequal. distribution 
of *the power can be remedied to 
some extent by regulating the point 
of cut-off in the low-pressure cylin- 
don. Thus, suppose the cylinder 
ra^fios = 1:4, and cut-off in each 
cylinder at half-stroke, and let 
2 )fbcd]pi (Fig. 153) be the work area 
foi? the high-pressure, and p^fifga 
ttio work area for the low-pressure 
cylinder. If now the cut-off in 
tlxo low-pressure cylinder be 
dianged from 0*5 to 0*25 of the 
sb'roke, then the work areas will 
bo changed, the high-pressure dia- 
gnraiXn being reduced to the area 
and the low-pressure dia- 
being increased to the area 


Low-jpres8ure Cylinder on the Dis- 



V'l^fgcb* Conversely, if the cut-off 
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in the W-pressure is made later, the receiver-pressure line will fall, 
the high-pressure area will be thereby increased and the low-pressure 
decreased. Hence, to throw a larger share of the total work into the 
low-pressure cylinder, make the cut-off in that cylinder earlier, and 
vice versa. This is also illustrated in Figs. 151 and 154. An adjust- 
able cut-off for the low-pressure cylinders of marine engines is shown 
in Fig. 81. 

Pig. 155 shows indicator diagrams of one set of engines of H.M.S. 
Pottyerfulj a twin-screw cruiser.^ The full-lined diagrams represent 
the power-distribution between the cylinders when the engines exerted 
13,000 and the dotted-lined diagrams the power-distribution 

at 2500 I.H.R 





Fig. 155. 


Boiler pressure (lbs.) 

At full power. 
205-0 

At low power. 
190-0 

Vacuum (ins.) 

26-25 

26-75 

Eevolutions 

116*95 

69-18 


H.P 

... 4287-48 

981-38 

I.H.P. 

IP 

... 423315 

729-27 

F.L. 

2263-51 

426-03 


. A.L. 

... 2237-79 

426-03 


Total . . . 

... 13,021-93 

... 2562-71 


The engines are four-cylinder, triple-expansion engines, having 
one high-pressure cylinder, one intermediate cylinder, and two low- 
pressure cylinders, namely, the “ forward ” and the “ after ” low- 
pressure cylinder respectively. Ey using two low-pressure cylinders 
instead of one, the necessary volume is obtained without an excessively 
large cylinder diameter. 

4. Beceiver Volume , — If the volume of the receiver or chamber 
between the cylinders of compound engines (including the exhaust 
chamber and exhaust pipe of the first cylinder, and the valve chest 
of the second cylinder) were indefinitely large, then the back-pressure 
line of the small cylinder and the forward-pressure line of the large 
cylinder would each be a horizontal straight line, as shown in the 
approximate diagrams (Figs. 142, 144). 

In practice the receiver volume is from one and a half to several 

' Beduced from diagrams given in a paper by Sir A. J. Durston before the 
Institution of Naval Architects, April, 1897. 


cojfporw/) /cxu7x/cs\ 


us 


tunes volunu^ of th(‘ hi^^h-pnj.ssun* t*yliiuler ; nnd the etieet of 
the restricted volunu*. of the. rc».c(dver is to mak<^ th<i haek^presKiit^e 
liiK^ of the high and tiie admissiou line of the lt>w-|»iH*SKun^ diagram 
somewhat irn^gular. 

Tht^ th(H>rt‘tieal form of these* pijrtioms of tht^ diagrams is HtM*n in 
Fig. IGO, whieli represtmis tlr* prt*ssures in the reeeivtn*, nsHtunirig j/r 
turns tan t. 

The retH‘iv(*.r volume is usually made as small as pijssihle to avoid 
loss (>f lieai hy radiat ion, hut tin* neee.ssitii*s of tin* (h^sign chdermiin* 
tlie volunnv ()tht*r things htnng eipiah tht^ etleet on the power-dis- 
tribution, of a small re(u*iver, is to iruTease somewhat tlie haek pressun* 
agaip^st tlui high pnvssurc* piston, and iuer(*as(* tin* initial pressure on 
ilie low. rnen*a-sing the volume of the n‘e«‘ivi‘r, tlM'n*fori% immeases 
to a small tin* area uf tlu^ higlepr4*HHun* <liagram, and deereases 

tln^ ar(‘a of tln^ low. 

5. An intu’ease of pr<*s.sure sometimes oeeurs in tin* low»pr(*shure 
cylinder towards the jHunt of eui-otr, sliown in praetiei^ as a more or 
h^Hs suddt*n incream* <d’ pn*ssure duriiig admisshm on tin* low pressure 
diagram, (‘specially wiu*n tin* (‘iigiin* is running slowly. This is dut! 
to the high pr(*HHur«^ <*y!ind«‘r (‘xhaimt paasing into tin* n*eeiv(*r beft*n* 
cut-off has tak<?n phun^ in tin* low. 

Practical Modifications.— In dim*ussing first. priueipl(*s of tin* eonn 
pouml (UJgine simple approx imatt^ <Iiagrams w(*r(4 used merely to 
illustratt^ tln^ primdph*s, hut in pra<*tiee numenms eorrections of 
tln^se asHum(*d iumditious hav(* to 1 h 4 made, as will he H<*en hy coni' 
paring diagrams Fig. Ifih with tin* figures previously eouHidered. 
Tln^ losses in practiei* may Ih^ suinmarizetl as hdlows ; 

1. The loss of pr(*H.sure h(!tw(*t*n the pressure in tln^ hoili*r and the 
initial pr(»sHur(% on tin* pisttm ; the amount of tin* Inss varies with 
the speisl of th(4 engine, its disiarun* from tins hoih*r, the d(*Hign of 
th(^ Hteam-paHHag(« and valve gear. 

2. The loss due to win*dravving during adiidsHion of ih«* Hh*ain 
to tin^ h.p. cylinder. This cauH(‘H the mejin mlmisHion |)ressure 
betw(H*n the lM*girming of tin* stroke aiul the jxiint of ('UbofF to be 
less than iln^ initial pr(‘.HHuri*. 

3. The loss dm^ to ** drop *’ of prt*Hmirt* b**tw*t*en t in* end of expmmion 
in the high-prt'SHure cylinder and the initial pn%Hun* in the low. 

4. Th(^ loss <»f presHun^ between tln^ back pri'ssuris <if mm cylimh*r 
and the forward pretssun^ t>f tln^ nucceediiig eyliuder. 

f). The loss due to (*arly o|Nming of i^xhaust. This is geiuniilly 
very small. 

G. The loss due to ba<‘k priwsure on the low«premiure cylinder. 
This may be eon.Hid<n‘able ; thus, if tin* h.p. and l.p. pisbm ration an* 
1 ; 7, then 1 lb, additional back pressure due to deft*et.iv(* vacuum in 
tlie condenmjr will Ih% eA|uivaleut to a loss of 7 Urn, mean pnmnun* tm 
th(^ h.p, piston. 

7. In unja(!k(d«l cylinders, thc^ grmlual n*duction of tln^ weigltt «(f 
Btcaim present m steam as the expansion pnaanidH by irfuishnitatton 
of heat into work. 
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For double-expansion engines, with a given fixed terminal pressure, 
usually 10 lbs., the number of expansions falls in practice to about 
'85 per cent., and in triple-expansion engines to 70 per cent., of that 
given by initial pressure -4- terminal pressure. 

The diagram factor is the ratio of the actual mean effective pressure 
of an engine, referred to the low-pressure cylinder, to the theoretical 
mean effective pressure obtained with the same number of expansions, 
and supposing the only losses to be the back pressure of 3 lbs. for 
condensing engines and 16 lbs.’ for non-condensing engines. ^ The 
theoretical expansion curve may be assumed either adiabatic or 
hyperbolic ; for simplicity it is usually assumed hyperbolic, and the 
diagram factor is found accordingly. Thus — • 

, actual mean pressure p,, xr 

Diagram factor =-* : — ^ = ^ 

theoretical mean pressure 

. , , LH.P. X 33,000 

Actual mean pressure = 

referred to low-pressure cylinder, where A = area of low-pressure 
cylinder, and LN = piston speed in feet per minute. 

1 -f- lo^ It 

Theoretical mean pressure = j?,,, = jPi 


R 




where R = (volume of piston displacement of l.p. cylinder plus 
clearance) ~ (volume of steam at cut-off in h.p. cylinder). 

Diagram Tactors for Compound Engines. 

High speed, short stroke, unjacketed 60 to 80 per cent. 

Slower rotational speeds „ 70 „ 85 ,, 

« „ jacketed 85 „ 90 „ 

Corliss valve gear jacketed 90 „ 

Triple-expansion marine engines (Seaton) ... 60 „ 66 „ 

Mean Effective Pressure referred to Low-pressure Piston. — In 
multiple expansion engines it is convenient for many purposes to express 
the sum of the mean effective pressures on the various pistons in terms 
of an equivalent mean pressure reduced to a common scale of piston 
area, and for this purpose the low-pressure piston area is chosen as the 
standard. The sum of the equivalent pressures is then spoken of as 
the total mean effective pressure “referred to the low-pressure piston.’’ 

Thus, in the case of a triple-expansion engine having piston areas in 
« the proportion 1 : 2*7 i 7, and mean effective pressures in the proportions 
91, 33*8, and 13 respectively ’ reducing these to the common scale of 
the low-pressure piston area, we have : — 


M.E.P. in high-pressure 
cylinder referred to 
low-pressure cylinder. 

M.E.P. in inter- 
cylinder referred to 
low-pressure cylinder. 

M.E.P in low-pressure 
cylinder. 

Total M.E.P. referred 
to low-pressure cylinder. 

91 

2-7 

33-8 X ~ 

13 



13 

i 

! 

39 
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To find the Sizes of the Cylinders for a Compound Engine of given 
Power. — It is usual first to determine the diameter of the low-pressure 
piston, by considering that its capacity will be the same as would be the 
case if the total work of the engine is to be done in that cylinder alone. 
For whatever the number of cylinders which precede the low-pressure 
cylinder, this cylinder must itself be large enough to contain each 
stroke the volume and weight of steam necessary to develop the 
specified power with a given terminal pressure. In other words, the 
total steam used by a compound engine is the steam exhausted from 
the low-pressure cylinder. 

The final volume and weight of steam used are the same, whether 
the expansions all occurred in the low-pressure cylinder by having an 
early cut-oif in that cylinder, or whether they occurred in a series of 
preceding cylinders exhausting finally to the low-pressure cylinder and 
expanding there to the same terminal pressure. 

The area (A) of the low-pressure piston for a given total power of 
the combined cylinders, and with a given stroke, is determined from 
the formula — 


(P X A) X (L X N) 
■ 33000 


: total I.H.P. 


where P = mean effective pressure referred to low-pressure piston 
= 40 to 45 lbs. per sq. in. at maximum load ; or 
= 30 to 35 lbs. per sq. in. at most economical steam con- 
sumption. 

The higher values of P are taken at the higher boiler-pressures. 

Example.— Find the diameter of the low-pressure cylinder of a 
compound vertical engine for a maximum load of 400 I.H.P. ; stroke 
18 ins. ; revolutions per minute, 155 ; mean eflective pressure referred 
to low-pressure piston = 40 lbs. per sq. in. 


A = 


I.H.P. X 33000 _ 400 X 33000 

40 X 1*5 X 155 X 2 


P X L X N 
= 709*6 sq. ins. 

= 30 ins. diameter. 

To find the Diameter of the Eigh-j^r assure Cylinder,— HaYrng deter- 
mined the dimensions of the low-pressure cylinder, the diameter 
of the high-pressure cylinder will depend upon a number of con- 
ditions, but the chief object usually is to provide that the power of 
the engine shall be divided equally between the cylinders, and that 
the maximum stresses on the piston shall be as nearly as possible 
equal. So far as the power of the engine is concerned, provided the 
low-pressure cylinder is correctly designed, the total power wp be 
on the whole independent of the ratio of the cylinders, though the 
smooth and economical working of the engine may be much mflu- 
enced by it. The following tables give the proportions usually 
adopted. Then, allowing a ratio of 3J^ to 1 from the table, area 
of high-pressure piston = 706*5 3*5 = 201*86 sq. ins. = 16 ins. 

diameter. 
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•I>(H llLK-KXrANHI(»N Kn'(UNKH. 
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the re(|uired boiler prcmHure, 

Effects of Various Portions of 
Work Area on Condensation in 
Multiple - Expansion Engines.— Con- 
sider the case of a triploa^xpansion 
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engine having high-pessure, intermediate, and low-pressure cylinders. 

Then, referring to Fig. 158 — j. x «• , 

1. Work done upon higk-pressure piston up to cut-ott — 

I ^ ^ This work is done by the external latent heat of the steam 

provided at the boiler, and is not 
followed by condensation due to the 
work done. 

2. Work done in high-pressure 

cylinder after eut-olf =hi_ + \ 4- 1^. 
Heat-units converted into work = 
(area \ 4 - ^^ 8 * This loss 

of heat, due to work done, is fol- 
lowed by equivalent condensation, 
and the steam is made permanently 
wet to this extent throughout. 

3. Work done against high-pres- 
sure piston = (% + Z >2 + as 4- ^ 3 ) = 
work done upon intermediate-pres- 
sure piston up to cut-off. Net work 
done bv steam = 0. No condensa- 



tion due to work done. 

4. Work done by steam during expansion in I.P. cylinder = Ci + c^. 
Heat-units converted into work = (area + Cg) 4 - 778. This is fol- 
lowed by an equivalent condensation of steam, increasing permanent 
wetness. 

5. Work done against I.P. piston = work done upon L.P. piston 
= (% + &3 4 Co). Net work done by steam = 0. No condensation. 

6 . Work done by steam during expansion in L.P. cylinder = C 3 . 
Heat-units converted into work = (area 03 ) 4 - 778, with equivalent 
condensation, producing permanent wetness. 

Diagram of Eelative Piston Displacement in Compound Engines. 
— Having given the ratios of cylinders and clearance and receiver 
volumes for a given compound engine, it is possible to follow the 
steam through the engine, and to construct diagrams representing the 
nature of the changes of volume and pressure between the points of 
entering and leaving the cylinder. 

In Fig. 159, horizontal lines are lines of volume, and vertical lines 
are subdivided into portions of a revolution. Thus, starting at a on 
the top line, let aO = volume of high-pressure clearance (c^) ; 05 
= volume of high-pressure piston displacement (i;^) ; db = volume of 
receiver (R) ; hb' = volume of low-pressure clearance (c,) ; and 5' O' = 
volume of low-pressure piston displacement. 

On the lines 05 and 0'5' draw semicircles representing a half- 
revolution of the crank-pin, and divide it into any number of equal 
parts — say five, as shown. On the vertical line to the left of the 
figure set off* ten equal spaces representing parts of a revolution. 
The diagram is completed for one and a half revolution. The cranks 
being supposed at right angles, when the h.p. piston is at beginning 
of stroke 0 the l.p. piston is at half-stroke K., A curve is now drawn 
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cylinder, called tlie “curve of piston displacement,” through 
10 points of intersection of the horizontals from the divisions on 
die line of revolution, and of the verticals from the corresponding 


admission 

To H.R. CYL^ 


expansion 

>N HP. CYL’' 


exhaust To 
receiver 


• N HP. CY 



ADMISSION TO 
L.P. CYLINDER 


EXPANSION 
IN L.R CYL" 


11X111113 ers on the crank-pin circles. This curve gives, by horizontal 
nieasixrements to it, as shown by the shade lines, the volume of 
Bteara in the h.p. cylinder, including clearance for any position of 
tlie piston, before exhaust. After exhaust, it gives the volume of 
the ^ steam on the exhaust side of the piston, and including the 
receiver volume ; and finally, when both cylinders are in communica- 
tion, the horizontal distance between the lines gives the volume of 
the steam for any relative position of the pistons, the displacement 
curves having been drawn so that the cranks have the required 
relative position with one another. In the case chosen, when the 
high-pressure piston is at the end of the stroke, as at O, the low- 
jiressure piston is at half-stroke, as at K. 

e may now follow the varying volume of the steam in its passage 
through the compound engine. First, the high-pressure clearance aO 
is filled with steam at initial pressure, and the steam is continued to 
point of cut-off at half-stroke in high-pressure cylinder, and volume 
in. cylinder = de. The steam is then expanded till nearly the end of 
the stroke, when the exhaust port opens, and at / the steam passes 
into the receiver. The exhaust side of the high-pressure piston and 
the receiver are in communication, as shown by the ruled lines, until 
the low-pressure steam port opens at h. Here the volume of the 
steam = At m the high-pressure exhaust port is closed, and 
compression begins. At half-stroke of the low-pressure piston, 
namely at r, ,cut-off takes place, and the steam finally expands to 
volume si. 
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cranks at right angles, the theoretical indicator diagram of the high- 
pressure cylinder being drawn below the high-pressure piston curve, 
and the low-pressure indicator diagram below the low-pressure curve. 
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The initial pressure, being known, is set up from the zero line of 
pressure. In the diagram, cut-off takes place at 0*4 of the stroke in 
the high-pressure cylinder, and the initial jpv being known, all other 
points in the cycle may be determined, assuming hyperbolic expansion, 
as follows : — 

In the equations, the subscript figures refer to corresponding 
figures on the portions of the figure representing the theoretical 
indicator diagram. Thus = volume of steam at point 3, measured 
from beginning of stroke — that is, from vertical line AO and to the 
left in the high-pressure diagram,, and from vertical line through 
B and to the right in the low-pressure diagram. When the exhaust 
side of the high-pressure cylinder is in communication with the low- 
pressure cylinder, then the volume, including that of the receiver, 
is given by the horizontal intercept between the lines of piston 
displacement. 

Since, for the purpose of tnis diagram, it may be assumed that = 
a constant — 

l>i(% 4 - Ca) = i)io(®io + C,) . . . . . . (1) 

from which the terminal pressure is obtained. And the point of cut- 
off in the low-pressure cylinder being known, then — 

i’sCl’s -h «i) = PioC^io -f C;) (2) 

From which jjg, or the pressure at cut-off in the low-pressure cylinder, 
and therefore also the pressure in the receiver at that time, is known. 

Then the pressures at all other points may be obtained by the 
following equations : — 

Referring to the theoretical indicator diagrams in the lower part of 
Fig. 160, then for the high-pressure cylinder — 

+ cj = Jf>2(»2 + Cft) (3) 

At point 2 the steam exhausts and mixes with that in the receiver, 
which is at some pressure jpg previously calculated. 

F2(«'2-|-c»)+p8E=pa(% + c» + E). . . . (4) 
But during the return of the high-pressure piston, so long as the low- 
pressure cylinder is not open to receive steam, the volume enclosed 
is for the moment reduced, hence the pressure rises to jp 4 until the 
low-pressure valve opens the port to steam, when the pressure instantly 
falls to pg. 

i>3(«a + Cj + E) = JP4(»4 + C* + E) • • • • (5) 

When the low-pressure valve opens to steam, the receiver steam 
mixes with that in the clearance space of the low-pressure cylinder; 
thus — 

i’4(®4 + + E) + = i>6(»5 + + E + C,) . . (6) 

This action continues, and meanwhile the low-pressure piston is 
moving forward and increases the displacement, causing the pressure 
to fall to ^>6, when the high-pressure exhaust-valve closes, and com- 
pression begins in the high-pressure cylinder ; then — 

Vb(y5 + + B + + B -f- -f . (7) 
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where is the volame displaced by the low-pressure piston from the 
beginning of its stroke, and which volume may be measured by the 
horizontal intercepted between the lines of piston displacement, as 
shown by the dotted projectors. 

The back pressure low-pressure cylinder is fixed — 

(liA) = + Cc) ( 8 ) 

The same principles may be further extended to represent the 
changes in any number of cylinders by taking two at a time. 

Over the low-pressure diagram the high-pressure diagram is shown 
dotted. It has been transferred from the opposite side of the figure 
to show more clearly the relation between the diagrams. 

To combine Indicator Diagrams of Compound Engines (I'ig. 161). — 
This is a method of constructing the diagrams to a common scale of 



Fig. 161 . 


volumes and pressures for the purpose of showing the relative work 
areas to a uniform scale, and of seeing where the losses occur which 
are peculiar to compound engines. 

_ The original indicator diagrams for each cylinder are first divided 
into ten equal parts, as in the ordinary way, and the clearance line 
and saturation curve are drawn on the original diagrams by the method 
already described (p. 116). 

Then taking a length of, say, about 12 in. for the length of the 
low-pressure diagram, set off on a horizontal line — which may serve 

as the scale of volumes and as the absolute zero line of the pressure 

a distance so that the length of the low-pressure diagram repre- 
sents, to the scale chosen, the piston displacement of the low-pressure 
cylmder. ^ 

To the same scale set back the clearance volume AS of the low- 
pressure cylmder. Through point A raise a perpendicular line, which 
IS called the clearance line, or the zero line of volumes, and from this 
zero mark off the scale of volumes as shown in Fig. 161. This scale 
is the scale of all volumes measured on the diagram. 
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The common scale of pressures chosen may be that of the original 
low-pressure indicator diagram, or some multiple, say 1*5 of that 
scale. Ihen first, to complete the extended low-pressure diagram, 
divide the length chosen for this diagram into the same number of 
divisions (namely ten) as marked on the original indicator diagram, 
and set up to the scale chosen on the respective division lines of the 
(inlarg(Hl diagram, the absolute forward and backward pressures given 
at th(^ corn^sponding divisioiis of the original diagi'am. These points, 
wlum joined up by a frcH^ curve, will be a reproduction to an extended 
scahi of the original indicator diagram. 

To iH^pitKhuH'. tlu^ high-pressure diagram to the new scales, set ofT 
tlu^ clearance volumes and piston displacement of the high-pressure 
cylimhu' to tlu^ sauH^ scal<^ of volume as used for the low-prc^ssuro 
cylitidtu’, and divich’t the piston displacement into ten equal parts. 
Them transhu* to tlu^.se division lines the absolutes forward and back 
presHun^ given at the corrHisponding division liiu^s of the original high- 
pressure indi(‘ator diagram. Tlu^ original indicator diagrams should 
first b(^ nu^asun^d with the m^ale of the spring used in. taking the 
diagram, and tlui a(d.ual absoluh^ forward and back pressures marked 
upon tlumi, so that tlu^se numbers can b(i transferrcKl at once to the 
combiiuMl diagram with the, (‘.rdai’ged scale of pnmures. 

If t,h(^ Hcah^ of t>h(* original low-pressure diagium is and that 
of th(^ high-pr(iHHur*e diagr^am then, if the scale of pi*(‘oSsures chosen 
for the (urmbimul diagi-am is -|y, thes vertical dimensions of the diagivims 
on the erdai’gt^d s(*al(^ will be -jy| of the original scale of jrnvssures for 
the low-pr*(^HHur(i cylinder-, and yjj 6f tlu^ oi-iginal scale for the high- 
pressure cylinder. 

The saturation curve is transferred fi-om the original diagram 
to the combiruMl diagram in each (me, by the mcddiod of “dry st(aun 
fi-atdlon.’' 

It is probabh^ that* tlu^ satur*ation curve of the respec-tive (ylinders 
will not coincide that is, will not be continuous. This could only 
otHurr if tlu^ same weight of cushiorr steam was retained in, each 
(-ylinder. (huuu-ally the wcuglit of (uishion st(iam is l(\ss in the 
low(U’-pressur(^ cylindcn-s, and th(Tefor<5 the satui-ation cui*vo of the 
first cylind(u- falls outsider that of, the s(^cond cylinder*. 

In mu'h cylimhu- w{^ havc^ during expansion the weight of stt^arn 
supplied from tlm boiler peu- stroke, called the “ eyliruhu* f(H‘cl,” and 
the stofun rHrte.iiuHl in the* (-h^ar-ance apace at eomprossion. In the 
diagram (Fig. Idl) tlum-omprc^Hsion curve of the low-prcwsure diagram 
is cariicKl up by a dottod line to any horizontal line, in this case the 
atmospheric linc^, and thc^ compi'ossion curve of the high-pressur*e 
diagram is brought down to the same line. Then AB = weight of 
cushion steam in the*, low-irressure cylinder-, and A8 = weight of 
cushion steam in the high-pi-essure cylinder; also Sll = BE = 

cylinder fetnl ” per sti-okc. 




CHAPTEE VIII. 

SUPERHEATED STEAM. 

The temperature of saturated steam depends upon its pressure. If heat 
be taken from it, some of the steam is condensed, but the temperature 
of what remains is unchanged so long as the pressure is unchanged. 

If heat be added to the steam when, it is not in contact with water, 
its temperature will be raised above that due to its pressure ; in other 
words, it will be superheated. 

The temperature of saturated steam in the presence of water cannot 
be raised without raising its pressure. On the other hand, steam may 
be superheated without raising its pressure if the steam be permitted 
to expand as the heat is added. If steam were superheated in a closed 
chamber where no expansion is possible, then the pressure would 
increase with the temperature, as in the case of any ordinary gas. But 
in practice the steam is used in the engine as fast as it is generated, 
and the displacement of the piston is practically an indefinite extension 
of the volume of the steam space of the boiler. 

Hence the effect of superheating the steam which passes through 
the superheater at constant pressure is to increase its volume per 
pound at the given pressure, the increase ,of volume being assumed — 
in the present state of our knowledge of the subject — to be proportional 
to the increase of its absolute temperature. 

Superheated Steam previously used and afterwards abandoned. — 
In 1859, in a paper read before the Institution of Mechanical Engineers 
on superheated steam, by Mr. John Penn,^ several cases were referred 
to in which superheated steam was then being used successfully, and 
for some ten years afterwards superheaters were frequently applied, 
especially in marine work. ■ 

In 1860 particulars were given ^ of Parson and Pilgrim’s method of 
superheating, as carried out on the boilers of passenger steamers then 
running on the Thames. This method consisted of cast-iron pipes 
placed in the fire-grate, and showed that even in those days the im- 
portance was appreciated of placing the superheater near the fqrnace, 
and not merely in the uptake, to be heated by waste gases, as was the 
case generally in the marine practice of that time. 

But at an early period in the history of superheating, it was found 
generally that if superheating was carried beyond about from 400° 
to 500° Pahr., trouble was liable to occur in the form of scored 
cylinders and valve faces, the cause of which was probably due to 

* JPtoc. Inst. Meeh. Engineers, 1859 and 1860. 
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<iefective lubrication. The tallow, which was the lubricant of that 
■bime, decomposed at temperatures lower than that of the steam in the 
■Valve-chest, and the charred residue was worse than useless for the 
prirpose for which it was intended. 

It was also found that the superheater tubes were sometimes burnt 
Out, owing probably to a solid deposit on the inside of the super- 
heater tubes through the use of salt feed-water. This was before the 
days of the surface condenser. 

Considerable attention had also been given to superheating from 
early period by the Alsatian engineers, and in 1857 Mr. Him 
issued a report of trials and experiments made by him on the value of 
superheating, which showed that a large gain might be expected 
from the use of superheated steam. The boiler pressure used by 
him was 55' lbs., and with steam superheated from 410° to 490° Fahr. 
he obtained economies of from 20 to 47. per cent. 

Superheaters continued to be used, more or less, down to about 
1870, after which they were rapidly abandoned. 

The abandonment of superheating was probably due to the intro- 
duction, about that time, of steam of higher pressures and higher 
ixormal temperatures, accompanied by the rapid introduction of the 
compound engine, as it was found that by these means the economy 
obtainable by superheating might be more easily secured, and with 
fewer mechanical difficulties. Accordingly engineers devoted them- 
selves to increasing the range of steam-pressures, and to the 
development of multiple-expansion engines. But with saturated 
steam the limit of efficiency is now nearly reached ; and engineers 
a>re once more reverting to superheating, in which direction a large 
Ordvance on present-day efficiency may be expected, and, in fact, is 
now being obtained. 

The sjpecijic heat of superheated steam at constant pressure, accord- 
ing to Regnault, = 0*4805, and at constant volume = 0*346. 

The total heat (HJ of superheated steam is the heat required to 
raise the temperature of 1 lb. of water at 32° Fahr. to the boiling-point 
due to the pressure (pi) ; then to convert it into saturated steam 
the same , pressure ; and finally to superheat the steam to some 
temperature t^ while the pressure pi remains constant. Then — 

' H, = H, + 0*48 - <0 

where Hi = the total heat of saturated steam at pressure pi. 

Temperature-Entropy Diagram for. Superheated Steam. — In Fig. 
162, let aABfc represent, by an area in heat-units, the heat required 
to generate 1 lb. of saturated steam at temperature Ti. The method 
of constructing this diagram is explained on p. 42. 

If now this steam be superheated to some temperature T„ the 
. additional heat required = = 0*48(T^ — Ti), and the area represent- 

ing the superheat is drawn by setting off first the eUtropy cd of the 
superheated steam on the scale of entropy, making cd == 0*48(logg T, 
— log, Ti) ; and from d raising a perpendicular dT, to a height T, equal 
to the absolute temperature of the superheat. The line f T, is a line 
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Fig. 162. 


of constant pressure,, and with the scale usually adopted is very 
nearly straight for small ranges of temperature. For a large range 

points may be found for inter- 
mediate temperatures, and a 
free curve drawn through them. 
Then the total heat required to 
generate 1 lb. of superheated 
steam from water at tempera- 
ture Tg to steam at Tj, and then 
to superheat it to T^, is repre- 
sented by the area aTg Tj/T^ da. 

If the steam expands adia- 
batically from to Tg, then the 
work done by the 1 lb. of super- 
heated steam, if there were no 
losses, is represented by the area 
T,T,/T,7^T,. 

When the pressure of the 
superheated steam has fallen by 
expansion to namely, where 
the saturated-steam line fm is 
cut by the adiabatic line T^d, 
the temperature has now fallen to that of saturated steam, and the 
steam at this point g is dry, but is no longer superheated. If 
the expansion is continued, the steam now becomes wet, and at li 
the weight of moisture present = (Jim -f-Tam) lb. 

To find the value of the dryness fraction X 2 = TJi -f- TgW-, we have — 

^2^2 II ^l|JL 

^ ~ T 

from which X 2 may be obtained, where and </)2 = entropy of water 
at Tj and T, respectively (see Entropy Tables in Appendix). From 
Fig. 162, these values are represented by — 

ad oa ~ he oh A- cd 

The efficiency of that portion of the heat added as superheat, apart 
from its practical effect in reducing cylinder 
condensation, may be seen by considering the 
somewhat exaggerated temperature - entropy 
diagram. Fig. 163. 

Let ABCDH represent the heat contained in 
1 lb. of saturated steam at pressure and tem- 
perature C, and let HDEG represent the heat 
added as superheat. Then, if the superheated 
steam in the cylinder be expanded down to back 
pressure BM, the steam at release would be dry 
saturated steam without any superheat, and 
the efficiency of the superheat = SDEM — 
HDEG. 

For the case where steam is superheated at release, if the steam 
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in tHe cylinder at some high temperature, E, is expanded along the 
adia,*batic line EG to some lower pressure, E (at which, however, the 
stearcL is still superheated), then, if release takes place, the super- 
heat) ed. steam will follow the constant-volume lines EKKL till it 
falls to the back-pressure line BL. The efficiency of the superheat 
is IsTDEEKK HD EG, and the loss due to release taking place 
before the whole of its superheat had been used is SNKFMS^. The 
heat-equivalent of these areas can be measured from the temperature- 
entropy chart in heat-units. 

The constant-volume curve from K is drawn by taking the specific 
heat of steam at constant volume 0*346 and drawing the curve K.F as 
DE -was drawn for constant pressure, substituting 0*346 for 0*48. 

It -will be evident from this diagram that no important gain can be 
theoretically expected from superheating. 

Superheating and Evaporating Surface.— Heat employed to super- 
heat the steam increases the number of units of heat carried to the 
engine per pound of steam supplied. Also the heat available for 
evaporation of water is reduced by the amount employed in super- 
heating the steam. Thus, suppose 10 per cent, of the heat from the 
furnace gases employed in superheating the steam, instead of evaporat- 
ing water on an extended heating surface of the boiler. The effect 
•will be 10 per cent, less water evaporated per pound of coal burnt, 
and the steam generated will carry away to the engine 10 per cent, 
additional heat as superheat. Considering the boiler and superheater 
as one plant, the efficiency of this plant is unchanged, provided the 
temperature and quality of the chimney gases is the same in both 
cases j the heat supplied by the coal having been actually taken up 
in some form by the working fluid, whether to evaporate water or to 
superheat steam is immaterial from the point of view of the efficiency 
of tlie steam generator. 

THe effect, however, on the efficiency of the steam as a working fluid 
is very marked, as will be shown. 

Temperature of Superheat required to maintain the Steam dry up 
to C'at-off. — From experiments made by the author on the behaviour 
of snperheated steam in a small Schmidt-engine cylinder, it appears 
that- the amount of superheat necessary to reduce the initial condensa- 
tion. -up to cut-off by any required amount is given approximately by the 
following rule : ^ namely, that for each 1 per cent, of wetness at cut-off, 
7*5^^ Eahr. of superheat must be present in the steam on admission to 
the engine to render the steam dry at cut-off. (A rise of 7*5° Fahr. 
will be equal to 7*5 X 0*48 = 3*6 thermal units.) 

H'or example, suppose, in a simple engine, when using saturated 
stenm, 25 per cent, of the steam is condensed up to cut-off, and it is 
reqrxired to find how much superheat is necessary to secure dr?/ steam 
in -fclie cylinder at cut-off. Then, by the rule, since 1 per cent, of 
wetness requires 7*5° Fahr. of superheat, 25 per cent of wetness will 

' T> educed by Mr. Michael Locgridge from the author’s experiments. See the 
discnssion on the author’s paper on “Superheated Steam Engine Trials,” Proc 
Inst. G.E.^ vol. cxxviii. 
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require 7*5 X 25 = 187*5® Falir. of superheat = (187*5 X 0 1^) - 

thermal units per pound of steam. i i 1 

These figures apply only to th(3 (experiments ahovi^ i*t‘ferr(Ht Uk mm 
they will, of course, be subject to some luodilicatioii f(jr the num<*rt>«H 
types of engines and variable conditions occurring in pratttiec^ 

In such an cnigiim as tlu3 oiit^ abov(‘ (hnscrihed, ()uly 75 ptT ('eul. nf 
the steam is eugagcjd in the })(n‘fontuinc(' of iist^ful work. The lieiit 
supplied per pound of saturated stc^aiu would h(‘ a}>proxiinately ICHIII 
units from temperature of f(M‘d-wat(T, and the (‘flieiency of the hejit 
about 10 per cent. ; that is, 100 thermal units ar(‘ conv(‘rt(‘(I into work 
for 1000 units supplied. 

But by the addition of 90 tlunmial units as Bupc‘rh(‘nt, tin* whole of 
the 1 lb. of steam is pr(‘.s(mt as dry at(‘am in tlu‘ eyiinchn* at cntt oil; 
and the useful work done is incri'.asiHl approximately in tin* prop(»rti(m 
of from 75 to 100, or a gain of p(u* cimt. That is, we* now havo 
133*3 units of heat converted into work for an (»xp(mdit.ur(* of H)9CI 
units; or an ofiiciency of 133*3 -f* 1090 X 100 = 12*23 per cent., a« 
against 10 per cent, without supn'luiat. This kIiowh a V(*ry large 
efliciency for that portion of tlui heat UH(‘d to Hup('rht‘al, niuaely, 
33*3 -f- 90 X 100 = 37 pevr (?ent. 

Using the same numerical examples it may 1x3 seen, also, how 

luxiiing r(‘du(’(*H tin* «*i- 
t(mt of the lu*at."t*x<d Hinge 
hetwcH'u the ntiiam and 
the cylindeu’-wiilk ; for 
siime 7 IT of suj.H‘rhi*at per 
|)oiind of Btt*am pr«*vi‘nl« 
1 per c(mt. of initial eon^ 
densation, we liavt* 7*5 x 
0*48 rr 345 luaitnuiits ale 
Borland by the walk, in 
stead of 1 per e<‘nt. of lh<» 
latent lic^at of tin* iiiifial 
stcaiiti, whi(3h f<m sUanii at 
100 lbs. pii‘BSur(3 -f H83'3 
X 1 -r 100 .v: 8*83 
units, or 2*45 tirneH m 
mucli h(*at. Whem the 
superheat is 8ut!l(d(uii to 
maintain tlu^ dry 

at releaBf*.^ tlx 3 hixit.«4*3c- 
cluuige is still furtlaa* 
reduced. 

The sam(3 c*t!(*ete iniiy 
1)0 shown graphically by 
Fig. 104 . tlic aid of Fig. 1'64. ITiuk, 

suppose dry mituratixl 
steam^ supplied to an engine, and that the condensation at cut-off 
was oO per cent. Then area abede = heat supplied per pound of 


F" 
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^ ; and the work area, when 
I'U.s'b pressure, = shaded area 
The loss of work due to 
l-oxisation = area fdhg,. 

^ . prevent this , loss by means 
iperheating, by the rule given 
"■e, for every 7 5° of superheat 
-cl to the steam, wetness at 
is reduced 10 per cent., 

■tlie work area cfgh is gra- 
ly extended towards the right 
^ore and more superheat is 
-cl, until with 375°. of super 7 
i (= 7*5 X 50) the steam is 
a-fc cut-off, and the whole area 
► . is now available as useful 
k, 

InOit is, in order to obtain the 
k; area . cfgh with saturated 
xn., the heat-units expended = 
i ctbcdcj and the efficiency = 
abcde ; but by the addition 
-h.e .much smaller area edst heat-units as superheat, the work area 
ea^rly doubled, and the efficiency is now cdTih -f ahcdsL Hence the 
loxny of heat employed as superheat. 

h.o numerical values of these areas should be , plotted for actual 
Triples on the chart, Plate I., and measured by the student with a 
rixneter. 

tro effect on steam-consumption of gradually increasing amounts 
sxiperheat is well seen by Pig. 165, illustrating the steam-con- 
pliion with a small single-acting Schmidt motoi”, having a pair of 
. cylinders, stroke 11 ’8 in., running at 180 revolutions per minute, 
suLpplied with steam with varying degrees of superheat, 
according to the rule above stated, engines of the best types having 
imirQum loss by initial condensation will require steam less highly 
eirlieated than engines of ah inferior type having a larger loss by 
ia.1 condensation. 

."'o obtain dry steam at release, the steam at cut-off will be more 
ess superheated (see Pig. 167), and this condition of things requires 
ix-fclTier amount of superheat of from 50° to 100°, depending on the 
aber of ^expansions, being greater as the expansions increase* It 
ilso necessary to superheat the steam in the superheater to a 
acr degree than is required at the engine, because of the loss of 
t which occurs in the passage from one to the other. This loss 
ends upon the length of piping and upon the quality and amount 
lie non-conducting lagging employed. 

:,easons of Gain by Superheating.— The object of superheating is 
secxire dry steam in the cylinder, and the actual gain in practice 
ckx follows the use of superheated steam is due to the more or less 


the steam is expanded down to 
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complete removal of the loss by cylinder condensation ; for 
working fluid is saturated steam, no transfer of heat, hov’v^^ 
in amount, can take place from the steam to the metj h 
accompanying deposition of water in the cylinder, which, < 
exhaust stroke, is evaporated at the expense of the ht*"j 
cylinder»wal]s. 

The result is, that the mean temperature of the cylii 
with saturated steam is much below that of the steam oi: 
the cylinder. On the other hand, when the steam is « 
highly superheated it is in a far more stable condition tH 
the superheat was added, and can part with the whole of 
heat to the cylinder-walls without undergoing any liquefaction 

The diner the steam at cut-ofiP, the more work is donc-i j 
of steam passing through the cylinder. The drier th (5 
release, the less demand upon the cylinder- walls during ox 
heat of re-evaporation, and the higher the mean temperatii 
cylinder- walls. A dry cylinder at release parts with littln 
the comparatively non-conducting medium passing 
exhaust, hence the smallness of the heat-exchange be to 
steam and the cylinder- walls under such conditions. 

Superheating thus removes the principal source of lost^ 
by the walls, namely, water in the cylinder at release, am 
also the amount of the heat-exchange between the steaxix 
walls to a minimum. 1 

Effect of Superheat upon Heat-exchange in the Cylix, 

the aid of the method described as Hirn’s analysis on j 



Fig. 166. —Wet steam throughout Fig. 167.— Superheatetl 

expansion. throughout expansioi 

is possible to show by areas the effect of superheat in red t 
extent of the heat-exchange between the steam and 
walls in any actual case. 

The method consists in finding the heat missing from tho 
cut-off, due to absorption of the heat by the cylinder-wj 
representing the same by a rectangular area drawn to the sja 
of heat-units ^ as the indicator diagram (see Pigs. 168 to 170) . 

The heat missing at cut-oflf = (total heat supplied in the s 
stroke) -|- (heat in steam enclosed at compression) -f- (work cl< 

‘ ^ Superheating is also said to greatly reduce the loss hy leakage be 

slide valve and the face of the ports. 

The scale of the indicator diagram in heat-units = total work in foot-] 
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the steam during compression) — (work done during admission) — 
(hea*-fc remaining in steam at cut-off). 

hr sing the same symbols as employed in Hirn’s analysis, p. 120 
then, ^hen Q„ = heat missing at cut-off — 

(1) IFor steam not superheated at cut-off (Fig. 166) : — 

Q + + AW, = AW. + Q. + (M + + ^iPi). 

(3^ I'or steam superheated at cut-off (Fig. 167) : — 

Q + + AW, = AW. -f Q, + (M + M,) {\ + p,+ 

^pQ's 

from, "which Q. may be obtained. 

THo value of the absolute temperature of the superheated steam 
at cta-b-off, is obtained by measuring to scale from the clearance line 



the "volume vig of the steam at cut-off on the indicator diagram ; and to 
the same scale the volume of saturated steam measured to the 
satxxr‘ated-steam curve. Then it is assumed that the steam behaves as 
a perfect gas, and expands in proportion to its absolute temperature ; 

and : : v , : v,,. i:,. 

From a series of trials made by the author, the diagrams bigs. ib«, 
169, 170 have been drawn, showing the way in which the extent of 

the Ineat-interchange with the cylinder walls during admission is 
redixced by superheating. The heat-exchange area, shown shaded, 
and oqual in value to Q. in the above formula, is drawn to the same 
scalo as the work-area of the indicator diagram expressed in heat- 
units. The Figs. 168 to 170, show how the heat-exchange becomes 
smaller as the degree of superheat increases, or, in other words, as 
the dryness of the steam up to cut-off increases. The power and 
speed of the engine, and therefore also the area nf the indicator 
dia^ra^m, are constant throughout. 

Effect of Superheat on Weight of Steam required per Stroke.— 

Wiblx a constant speed and power of engine, and a constant area of 
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indicator diagi-am, but a varying degree of superheat in the steam, 
the relative weights of steam passing through the cylinder per stroke, 
may be shown by placing the dry-steam curve upon the diagram as 
explained on p. 116. • \ 

Then for the constant-work diagram, shown shaded (Fig. 171), the 
weight of steam req^uired per stroke when no superheat is used is 
represented by ad lbs. 




If the steam supplied to the engine be sufficiently superheated to 
render the steam superheated at cut-off, then the weight of steam 

now required per stroke = ^ weight required when no super- 

heat was used. When some intermediate degree of superheat is 
employed, the weight of steam passing through the cylinder per 

stroke = ~ of the weight required when no superheat is used. 

CbCL 

Effect of Superheat on Work done per Pound of Steam. — The effect 
on the pressure-volume diagram of superheating the steam is shown 
by Fig. 172, where •pf represents the volume of 1 lb. of steam at 
pressure op, and pa -^pf is the dry-steam fraction at cut-off. Then, 
if the steam expand down to the terminal pressure h, area pahcd 
represents approximately the proportion converted into work by 
saturated steam ; and fg is the line of constant-steam weight. If 
the steam be superheated sufficiently to secure dry steam at cut-off^ 
and it is expanded down to the same terminal pressure, then as 
expansion proceeds the expansion curve fs will fall within the dry- 
steam line fg, and the steam will become wet, and the area pfstd is 
the work area. , The gain due to superheat, being equal to the 
difference of the two areas, = pfstd — pahcd. If the superheat be 
increased so as to secure dry steam at release, then the steam is 
superheated at cut-off, and its temperature T^ at point o^^ cut-off 

VTYh 

m = T„ X where T„ is the temperature of saturated steam at 

the pressure at point m. The superheat gradually disappears as the 
expansion proceeds, till the steam falls to the temperature of dry 
steam at g. This last condition is the condition of maximum 
theoretical efficiency. 

The effect of superheat in increasing the effective work done per 
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pound of steam is well shown by the aid of the temperature-entropy 
diagram. Fig. 173 is illustrative of the kind of figures obtained in 
this way. 

This diagram is drawn from the indicator diagrams, having first 
obtained the weight of steam used per stroke, also the dryness frac- 
tion of the steam, using different degrees of 
superheat in each case, but maintaining a 
constant speed and po'^er. They are then 
transferred direct to the temperature-en- 
tropy chart (see p. 116). 

Thus, if the area abed represent in thermal 
units the work done per pound of steam 
when no superheat is used, then the addi- 
tion of a moderate amount of superheat has 
the effect of increasing the dryness fraction 
of the steam, and thus increasing the efiec- 
tive-work area abed to aefd. If sufficient 
superheat be added to maintain the steam 
in. a superheated condition at cut-off and 
throughout expansion, then the dryness line 
passes outside the saturated-steam line, and 
a peak rises to a point s, the height of which 
depends upon the actual temperature of the 
steam in the cylinder, and is determined as 

already described on p. 152, where 

Then the effective-work area per pound of 
steam = amsngd. 

It will thus be evident how superheat, by increasing the dryness 
fraction of the steam in the cylinder, increases the useful work done 
per pound of steam supplied, the steam previously lost . in the 
cylinder by initial condensation being now available for useful work. 

Considering the expansion line of these diagrams, and the extent 
to which they deviate from the vertical adiabatic line, it will be seen 
that the wetter the steam is in the cylinder at cut-off, the greater the 
flow of heat from the walls to the steam during expansion, as shown 
by the slope of the expansion line bt ^ towards the dry-steam line mn 
as the expansion proceeds ; but the drier the steam is at cut-off, the 
more nearly the expansion line becomes a vertical line (see eJe ) — in 
other words, the more nearly the cylinder becomes non-conducting. 

If the superheat is sufficiently high to supply not only the heat 
absorbed by the cylinder walls, but also to provide the heat-equiva- 
lent of the work done during expansion, then the steam will be dry 
at release ; and this is the condition of maximum efficiency in a 
single cylinder. 

If more superheat is added to the steam than is sufficient for the 
purpose of securing dry steam at release, then the steam is super- 
heated in the exhaust pipe, and, unless the engine is compound, the 
superheat in the exhaust steam increases the loss at exhaust. 
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Superheated Steam in Compound Engines.— It is not practicable to 
superheat the steam supplied to the first cylinder of compound engines 
to such an extent as to secure superheated steam in the second cylinder. 
The very high economies obtained in practice by the use of super- 
heated steam have been obtained in engines where the stearn in the 
first cylinder only was superheated, and then it is exceptional to 
find the steam dry at release in the first cylinder, even with steam in 
the high-pressure valve-chest at 600° Fahr. 

In compound engines, although, by means of high superheating, 
the whole of the steam supplied to the first cylinder may appear in 
that cylinder as dry steam, yet when it passes forward to the next 
cylinder, only about 70 per cent, of it, or less, will appear as steam at 
cut-off, the remainder being present as water, if there is no super- 
heating between the cylinders. The power of the lower-pressure 
cylinders is therefore much reduced as compared with the power of 
the high-pressure cylinder. Superheating between the cylinders 
would add to the power and efficiency of the lower-pressure cylinders 
for a given weight of steam supplied to them ; and this may be 
accomplished by fitting a multitubular reheater receiver between the 
cylinders, for reheating 'with superheated steam, by surface reheating 
(not by mixing). This is equivalent to jacketing the receiver. 

Superheated steam may be looked upon, not as a means of obtaining 
a thermal efficiency with the steam-engine in any way proportional to 
the temperatures used in the superheat, but as a device for realizing, 
or at least approaching, the full thermal efficiency of the saturated 
steam between the range of pressures used in the engine. 

Notwithstanding what has already been done, still higher efficiencies 
may be expected to follow the adoption of higher initial pressures 
combined with sufficient superheating to maintain the steam dry 
throughout the expansion. 

Admission of a Supplementary Supply of Superheated Steam 
between the Cylinders of Compound Engines. — If drying and super- 
‘ heating the exhaust steam, on its way from the high to the 
low pressure cylinder, could be accomplished by the admission of an 
auxiliary feed of highly superheated steam from the main steam-pipe 
to the receiver, it might be supposed that the loss would be more 
than compensated by the increased efficiency of the steam in the 
' following cylinders. But it will be seen that this proposal, though 
often made, is not feasible ; for, assuming the auxiliary steam 
supplied from the main steam-pipe to contain 10 per cent, additional- 
heat as superheat— equivalent to, say, 100 heat-units per pound — then, 
ff the steam in the receiver contains 10 per cent, of moisture, the 
weight of auxiliary feed necessary, even to dry the steam without 
any sifperheating (that is, to provide heat-units = ^L, where 
L = latent heat of steam in the receiver), would be nearly equal to 
the total weight of steam exhausted into the receiver from the first 
cylinder, which is an altogether impracticable quantity ^ 

JjUbrication. — The difficulties which arose from defective lubrication 
* Proc. Inst C. K, vol. cxviii p. 86. 
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in the earlier applications of superheated steam were probably due to 
-fclie fact that the lubricant — or at least that portion of it admitted to 
fclie valve-chest, where it would be subjected to the maximum tem- 
perature of the steam — -had all its lubricating properties destroyed, 
gbnd its presence then would be more harmful than otherwise. But 
with the greatly improved quality of the lubricants now to be obtained, 
and with increased attention to the method of application of the lubri- 
oant, this cause of trouble has been removed. 

If great care is taken to prevent loss of heat by radiation between 
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Fig. 174. 

the superheater and the engine by the ample use of good non- 
conductors, then the superheated steam may be delivered at a high 
■temperature up to and surrounding the admission valve ; but when it 
enters the cylinder it parts usually with the whole of its superheat to 
■tbe cylinder walls, the steam being rarely superheated at cut-off except 
with very highly superheated steam, and then only when the cut-off is 
comparatively late. , 

Hence the chief point requiring attention in regard to lubrication is 
t>lie steam-admission valves rather than the piston. 
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Superheaters. — Fig. 174 illustrates the Schmidt superheater as fitted 
to a small vertical boiler. It consists of coils of tubes placed above 
the boiler, around which the flue gases are made to pass on their way 
to the chimney. The coils are arranged watch-spring like, and placed 
one above the other. 

The steam leaves the steabi-space of the boiler by a perforated 
tube, enters first the lowest coil, and then passes to the next coil 
above it. These two coils are termed the “fore-superheater,’’ and 
they contain the wettest steam ; they are also, of course, subjected to 
the highest temperatures of the flue gases. The steam the^ passes 
from the second coil into the vertical enlarged pipe (called the. “ after- 
evaporator ”), and from here it passes to the topmost coil of the upper 
or “main superheater.” It then flows downwards through the suc- 
cessive coils in a direction opposite to that of the flow of the chimney 
gases, and leaves the superheater at its maximum temperature from 
the lowest coil of the main superheater (the third coil from the 
bottom) and. passes forward to the engine. The steam flowing in 
the opposite direction to the chimney gases enables a high tempera- 
ture of steam to be obtained with a comparatively low temperature 
of chimney gases. 

The wet steam in the lowest coils is intended as a protection 




against overheating of these 
coils. 

For regulating the super- 
heat, a valve is fixed ‘at the 
top of the vertical flue tube, 
which is closed when the maxi- 
mum superheat is- required, 
and the gases have then all to 
pass through the superheater 
coils on their way to the 
chimney. To reduce the su- 
perheat the valve is partially 
raised, and more or less of the 
furnace gases may escape by 
the chimney without passing 
through the coils. 

In experimenting with this 
superheater, the author found 
that if the ’ weight of steam 
passed through the coils per 
■minute were reduced, then, in- 
dependently of the firing, the 
temperature of the steam im- 
mediately began to fall; on 
the other hand, if the weight 
of steam passed through i the 
coils per minute were in- 
creased, then the temperature of the steam immediately began to rise 



Fig. 175. 
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■^►so. Prom Kaany experiments it was found that, within certain 
the higlier the velocity of the- steam passing through the 
'^Upex'lieater, the more rapidly the heat was taken up by the steam. 





” The Schwoerer superheater is a type much used on the Continent, 
vixd with considerable success. It consists of an arrangement of cast- 
ran. pipes fitted with transverse ribs on . the outside and longitudinal 
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ribs on the inside, as shown in Fig. 175. The regulation of the 
superheat is secured by dampers. 

Fig. 176 is an illustration of the Schwoerer superhe^r as fitted 
by Messrs. James Simpsou & Co. to a Babcock and Wilcox boiler. 




Fig. 177 is au enlarged view of the superheater. Fig. 178 shows its 
application by the same firm to a Lancashire boiler. Fig. 179 shows 
an independently fired installation of the Schwoerer superheater. 
Figs. 180 and 181 show a small-tube type of superheater as fitted to 
a Lancashire boiler by Messrs. Hick, Hargreaves k Co. 

The position of the superheater, in relation to its distance from the 
furnace, depends upon the extent of the superheat required ; if the 
steam is merely to be dried, then the superheater may be placed in 
the waste gases beyond the boiler-heating surface. But it is usually 
desirable to place the superheater where the temperature of the gases 
is at least 1000° F. The higher the temperature of the gases to 
which it is exposed, the more efficient the surface, and the smaller 
pi'oportionately the surface required for a given degree of superheat. 

Heat transmitted by Superheaters.— From the results of many 
experiments, Mr. Michael Longridge states that, in order that the 
superheater surface may be efficient, there should be a head of tem- 
perature between the flue gases and the steam of something like 
400° F. With such conditions he estimates that a heat transmission 
of about five units per square foot of surface per hour per degree of 
difiference in temperature, the difierence of temperature being taken as 
the difierence between the mean temperature of the flue gases and of the 
steam respectively before entering and after leaving the superheater,*^ 

^ From a paper on “ Superheating,” hy Mr. W. H. Patchell, Proc. Inst. Mech. 
Engineers, April, 1896. 

* Proc. Inst, Mech. Engineers, 189G, p. 175. 




Fig. 179.^ 


(1) By the use of dampers regulating the flow of flue gases to the 
superheater. 

^ From “ Application de la Surchaufle aux Machines k vapenr,” bj Prof. Francois 
Sinigaglia* 





Fig. 181 . 

(3) By the use of an independently fired superheater, which arrange- 
meiit lends itself very easily to the regulation of the heat. 

(4) By regulating the rate of flow of the steam. 



CHATTER TX. 

INTERNAL SURFACE OF ENGINE CYUNDEES. 


The loss by condensation in engine cylinders is chic^ to the differener 
of temperature between the steani and tlu^ cooltT rn(‘tal of the eyliitder; 
and the extent of the loss increases as tlie exttnit of th4‘ aeitiai surface 
in contact with the steam increases. 

The portion of the double stroki^, during whi(‘h lieai paHses from the 
steam to the metal, begins at admission of t.h<^ steam to the eylindiir 
and terminates usually almost iinmediatcdy aftcu* (Uji-ttlf* wliere the 
expanding steam has fallen in t(utiperatur<^ to that of tin* mean 
temperature of the walls. The great.(n* tln^ area of the internal Hurbie*^ 
per pound of steam admitted, the gnviter thc^ cumchmsation. the 

importance of reducing this surfatte as much as poHsihle, tin* 

clearance portion of it, where, by care in designing, ctonsid(u*ahle retltn*- 

with a corresponding improvement^ in the 

surface and cylinder surfact^ generiilly, it 
may be well t.o (‘ompare thii elleei of 
ditiereiico of ratio between c^y Under ili- 
ametor and lengtb of stroke. 

Taking cylinders (Fig. IB2) of equal 
capacity A and B, A having 4 sq. ft . t>f 
piston area and 1 ft. stroke, and B having 
1 sq. ft. of piston area and 4 ft. st roke ; A 
representing the short-stn^kcH liigli»s|M»ed 
type of engine of relatively largr» pist4»n 
aim, and B representing the !<mg'-«troki» 
type with relatively small piston nreii ; 
then, neglecting clearances volume and 
steam passages, the redative area of <*lear- 
ance and cylinder surfacei expcmeel to 
equal weights of steam in the two ciiseB will l>e seen from tlit^ 
following table 


tions might often be uiado, 
economy of the engine. 

In respect of clearance 



Piston area 
Stroke 
Piston displacement 
Surface of barrel 
Clearance surface . . . 

>? V + 

s? >1^ Hr 


sq. ft. 

J. 

41) 

ft. 

ID 

(‘.ub. ft 

4D 

Hq. ft 

7Dn 

... ... ... ... «... 

8D 

barrel to 1 stroke 

l)“78 

» ^ srj M- *»• w 



pn 

4il 

411 

I4‘IK 

21) 

im 
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sq. ft. 


Olearance surface 4- barrel to | stroke ... 

„ full „ „ 

Surface exposed per unit 'weight of steam admitted 'with cut- \ 

off at { stroke j 

Ditto ditto I „ 

Ditto ditto i „ 


Ditto 


ditto 


Jull 


A. 

13-35 

15-13 

9-78 

5-78 

4-45 

3-78 


B. 

12-69 

16-26 

5*56 

4-56 

4-23 

4-06 


‘ Comparing the two cases, on admission of steam to the respective 
cylinders, the clearance surface of the short-stroke engine is four times 
as great as with the long-stroke. If cut-ojff takes place at 1 stroke, 
the actual wall surface of the cylinder enclosing the steam up to cut- 
off is 5 ‘5 6 sq. ft. in the long-stroke engine, and 75 per cent, more than 
this in the short-stroke engine. That is, if condensation be directly 
proportional to surface, the condensation in the short-stroke engine 
will be 75 per cent, greater than in the long-stroke engine when 
cut-off takes place at ^ stroke in each engine. 

It will, however, be observed that as the cut-off is made later, the 
respective areas of cylinder surface in the two cases become more and 
more nearly alike, and if steam were admitted to the end of the stroke, 
the surface is 7 per cent, greater in the long-stroke engine ; in other 
words, the loss by condensation in the two cylinders would be more 
nearly the same as the cut-off is later. The earlier the cut-off the 
more advantage lies with the long-stroke engine. 

It has been so far assumed that the engines are run at the same 
rotational speed; but if they are run at the same piston speed, as 
would be more probably the case, then the short-stroke engine would 
make four times as many revolutions as the long-stroke. 

But if the assumption is correct that cylinder condensation is 
inversely proportional to the square root of the number of rotations, 
then, the loss by condensation in the long-stroke engine as compared 

with that in the .short- stroke is as 1 : —==- = 1:4-. 

Short-stroke engines are therefore most economical when run at 
high speeds and with a late cut-off. 

This statement takes no account of clearance volume. In short- 
stroke engines (see above table) the clearance volume is proportion- 
ally large, and in such engines great care must be taken to make the 
best use of the compression steam, so as to fill the clearance space 
with steam at a pressure as near as possible to the admission pressure, , 
otherwise the difference* must be made up by boiler steam, and the 
amount required for this purpose may be a large proportion of the 
total steam used. 

Turned and Polished Clearance Surfaces. — The advantage of 
turned and polished surfaces for the clearance spaces in reducing 
cylinder condensation has been proved in numerous instances; and 
the most economical results yet recorded 'with saturated steam have 
been obtained in engines having the piston face and inner surface 
of the cylinder cover turned and polished. The surfaces appear to be 
thereby rendered more nearly non-conducting. 


CHAPTER X. 

THE STEAM-JACKET. 

The steam-jacket, as its name implies, is an arrangement for covering 
the cylinder with a hot-steam covering. It consists of a chamber 
or chambers enveloping the working barrel and the covers of the 
cylinder. These chambers are filled with steam at a temperature 
equal to or greater than the initial temperature of the working st^am 
entering the cylinder. 

The object of the jacket is to maintain the temperature of the 
internal walls as nearly as possible equal to that of the steam 
entering the cylinder, and in this way to reduce the loss due to 
initial condensation. 

As already stated, whatever tends to increase the mean tempera- 
ture of the walls tends also to reduce initial condensation, and 
experiment has shown that the heat expended in the jacket for this 
purpose is more than compensated for by the increased efficiency of 
the working steam in the cylinder. The extent of the gain follow- 
ing the use of the jacket varies greatly according to the conditions 
of working, the construction of the jacket, including the arrangements 
for drainage and for supply of steam to the jacket, the temperature of 
the steam supplied to the jacket, the speed of the engine, the quality 
of the steam entering the cylinder, the ratio of internal cylinder sur- 
face to weight of steam used, the range of temperature of the steam 
in the cylinder, etc. 

Action of the Jacket. — Unjacketed cast-iron cylinders are practi- 
cally a heat sponge absorbing from the steam, each stroke during 
admission, heat which should have been employed in doing useful 
work, and rejecting the same amount of heat, but at a lower 
temperature, during expansion and exhaust, by re-evaporation of 
the water deposited at the beginning of the stroke. This heat is 
almost entirely wasted, as the useful work done by it by re-evapora- 
tion of water during expansion is extremely small, and the remainder 
goes away during exhaust to increase the already large exhaust 
-waste. 

The greater the proportion of water deposited in the cylinder, up 
to a certain limiting point, the greater the demand upon the store of 
heat in the cylinder walls for the purpose of re-evaporation ; the 
deeper, also, the ebb and flow of the heat-wave in the metal walls 
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stroke, the larger the proportion of heat taking part in this 
'^iAos*fc wasteful process. 

The action of the jacket is therefore to reduce the extent of the heat- 
exchange between the steam and the walls, and, as a consequence, 
to X educe also the weight of water to be afterwards re-evaporated at 
the expense of .heat from the cylinder walls. Thus with a jacket a 
proportion of the heat of the steam is wasted in merely 
P^tssing into and out of the walls, and a larger proportion is employed 
Hx the performance of useful work than when no jacket is used. 

-A.il heat transmitted through the cylinder walls from the jacket 
a^ccompanied by a corresponding loss due to condensation in the 
j^xehet, but the net result is in favour of jacketing. For it should 
noted that each 1 lb. of steam condensed in the jacket leaves the 
J^xchetas water containing say 270 units of heat; while each 1 lb. of 
condensed in the cylinder passes away as steam, and carries 
■^vi-fch it to the air or condenser the latent heat of the steam (from 900 
tc > 1 000 units) which has been first given to and then taken from the 
<5ylixider w^alls. There is no re-evaporation of the water in the jacket, 
d>ixti it may be usefully employed as a hot feed to the boiler. The 
Iieetti transmitted by the jacket per pound of steam^ condensed therein is 
tlio latent heat of steam L for the pressure in the jacket. 

Eifect of Speed of Eotation. — Since the amount of heat transmitted 
tlixoTigh the cylinder walls varies with the time, then, as the rate 
of xotation increases, the extent of the heat interchanged per stroke 
1 between the steam and ,the walls will become less, until, when the 
«peed is indefinitely great, the heat-interchange is zero, and the 
jixcket is of no effect. From this it follows that the efficiency of 
blues jacket is greater as the rotational speeds decrease. 

Effect of Ratio of Expansion. — With given initial and back pres- 
suLxos — that is, with a fixed range of temperatures in the cylinder, 
)>xit> with a variable cut-off — the efficiency of the jacket will vary with 
ttio point of cut-off. For, since the flow of heat through the cylinder 
waills varies with the temperature on the^ two sides of the walls, it 
iB ovident that the jacket heat will pass more readily the earlier the 
ciib-oft", since the mean temperature of the internal portion of the 
t*.y Under walls is lower as the cut-off is earlier. 

lEIence the jacket is more effective in cylinders having a large ratio 
of expansion. During expansion the re evaporation is greater without 
ih je^cket than with one, and the dryness fraction, especially at release, 
is ixlways greater with a jacket than without one. 

The following diagram shows the varying efficiency of a steam- 
jfxelcet at different ratios of expansion. It was prepared by Mr. Bryan 
IDoxikin from trials made by him with an engine having a cylinder 
G in. diameter, stroke 8 in. ; speed in all experiments about 220 
resolutions per minute; steam pressure, about 50 lbs. above atmo- 
Bplxere. 

"Water in the cylinder, from any cause whatever, is a source 
of loss of heat from the cylinder walls. Owing to the property 
wlxioh liquids possess of absorbing heat from surrounding bodies 
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during the process of evaporation which follows a fall of pressure, 
it is easy to account for the rapid flow of heat from the walls to the 
water in the cylinder during expansion, but especially when the 
exhaust port opens. 

However dry the condition of the steam on entering the cylinder, 
there is always mm initial condensation (except when a high degree 
of superheat is used), and even if the steam were dry at cut-olF, tliere 
is still the water formed during expansion by transmutation of heat 
into work. 



Fig. 183 

Assuming that all possible care has bees, taken to obtain dry 
steam in the cylinder by lagging steam-pipes, cylinders, and valve- 
chests, by fixing separators, and drain-cocks from valve-chests, by 
reduction as far as possible of the proportion of clearance surface, 
and by polished internal surfaces of cylinder-cover and pistons, then, 
unless the speed of rotation is high, the steam-jacket or superheating 
will still be necessary to secure dry steam at release. 

The action of the jacket may be further illustrated by the aid of 
the temperature-entropy diagram. 
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If the cylinder walls are as hot as th*e entering steam, then the 
steam is dry at cut-off. The heat required to maintain the steam 
throughout expansion = 
area ahfd (Fig. 184), where hf 
is the dry or saturated steam 
curve, or curve of constant 
steam "weight. This shows that 
without a jacket, in the best of 
engines, the dry steam, expand- 
ing “adiabatically and doing 
work, becomes wetter as the 
expansion, continues, and that 
the steam can only be dry at 
release by the further addition 
of heat from an external source. 

It also shows that the heat so 
added is not theoretically so 
efficient as the heat of the work- 
ing steam, because the whole of 
the added heat is not applied 
- at its maximum temperature, 
but is applied during a gradual 
fall of temperature. The efficiency of the jacket steam in such a 
case is nkf-^akfd. If this were the condition of things in prac- 
tice, then a jacket would not be a source of gain, but a source of 
loss of efficiency; but in practice these conditions are considerably 
modified, with the result that the jacket heat actually increases the 
efficiency. 

2. In unjacketed cylinders, though dry steam is supplied to the 
engine, the steam is never dry at cut-off, but has some dryness 
fraction te -f- tk. Suppose now that a jacket be added, and that the 
steam is thereby rend^ed dry at cut-off and throughout expansion to 
release. Then heat supplied by jacket = area akfd. But by this addition 
of heat there is an increase of useful work = area ckfec ; therefore 
the actual efficiency of the jacket heat = ckfec akfd, or an increase 
of engine efficiency of from (tce^ -4- optka') tu (tkfp -f- oj^tkfd). 

Construction of the Jacket. — The success of jacketing depends very 
largely upon the care exercised both in the design and use of the 
jacket. If a jacket is so constructed as to leave pockets which will 
inevitably remain filled with water, or flat horizontal surfaces upon 
which will continually liS a layer of water through which heat is 
expected to pass *to the cylinder, the result will be disappointing. 
Great .care should be taken to arrange for the proper flow of the 
water deposited in the jacket to the jacket drain by sloping surfaces 
and properly placed drain-pipes. 

The steam-supply pipe to the jacket should be made of ample 
diameter ; also care should be taken to provide for efficient circulation 
of the steam in the jacket. 

Cylinders are sometimes made with a surrounding jacket, through 
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which the steam from the boiler first passes before entering the 
cylinder. The object of this is, no doubt, to accelerate the action of 
the jacket by a rapid circulation of the jacket steam. Such jackets 
should be well drained, but the jacket is never in direct connection 
with the exhaust side of the piston, hence its mean temperature is 
higher than that of the internal cylinder walls. 

The value of the jacket is greater, other things being equal, as the 
dimensions of the cylinder are smaller ; because in small cylinders 
the cylinder surface per unit weight of steam passing through the 
engine is greater than in large cylinders. 

One effect of jackets is to increase the tendency to loss of heat by 
radiation, as the area of the external surface and the temperature of 
the surface are both increased by the addition of jackets. 

It appears, from various experiments, that there is no advantage in 
making the pressure of the steam in the jacket of any cylinder more 
than a few pounds greater than that of the initial steam in the 
cylinder. Thus it is usual to reduce the pressure in the jackets of 
the second and succeeding cylinders of triple and quadruple expansion 
engines. 

In the engines of H.M.S. Potoerfal, the pressure of steam at the 
stop-valve is 210 lbs. All the cylinders are steam-jacketed. The 
high-pressure cylinder is jacketed with steam at 210 lbs. pressure. 
The steam to the intermediate jacket passes through a reducing- 
valve loaded to 100 lbs., and to the low-pressure jacket through a 
reducing- valve loaded to 25 lbs. 



Fig. 185 . Fig. 186 . 

The above figure (Fig. 186) shows the effect of jackets on the 
cylinders of a triple-expansion engine H = high-pressure cylinder ; 
1 = intermediate cylinder ; L = low-pressure cylinder. The rect- 
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marked F, N show by the darkened areas the proportion 
ox 'W'^-ter present at cut-off with no steam in the jackets. 

, Xho rectangles marked J, J, J show the effect on the dryness fraction 
5^^ steam when steam is admitted to all the jackets ; from which 

it} -will "be seen that the gain resulting from a jacket is greatest in the 
^O'w-p’i-essure cylinder, and least in the high-pressure cylinder.^ 

Tiles [Reports of the Keseareh Committee of the Institution of 
^^^eolia.iiical Engineers on the value of the steam-jacket are a collection 
liable facts obtained from numerous sources, but the Eeport 
the final conclusions of the committee has not yet been 
It has, however, been shown that the gain by jacketing 
considerably as the conditions and extent of the jacketing 
Toeing from 2 or 3 per cent, to 25 per cent, in favour of jacketing, 
tiie trial of the Pawtucket pumping engine by Prof. J. E. 
the engine being compound, with both cylinders jacketed on 
Tifix’x'ols and ends, and with steam at full boiler pressure in all the 
J cicilcesios, a difference of only 3 per cent, in favour of jacketing was 
oTotsbiixed. 

dPx*oxo. trials made by Prof. Osborne Reynolds of the triple -expansion 
fully- Jacketed engines at the Owens College, it was found that with 
filled throughout with boiler pressure, 19-4 per cent, of the 
trotifiil Heat supplied was converted into work. Without steam in any 
of 1:}li^ cylinder jackets this percentage fell to 15*5, showing a gain of 
over- 25 5 per cent, in favour of jacketing. 

Seo “ Reports of Research Committee on the Value of the Steam Jacket,” Proc, 
Jrtsf. IML. E.. 1889, 1892, 1894. 


CHAPTER XL 


THE INJECTOR. 

The injector is an instrument for feeding boilers, and is ^sed instead 
of, or in conjunction with, a feed pump. It was invented in looo 
’ by M. Giffard, a French 

engineer, who established 
beyond doubt the power 
of a jet of steam, passing 
from the steam space of 
a boiler, to force water 
into the same boiler 
against the same internal 
pressure as that of the 
steam itself. 

The construction of the 
injector will be under- 
stood by the following 
diagrammatic sketch 
(Fig. 187). The steam- 
nozzle, 8, shows how the 
The amount 



Fig. 187. 

steam is supplied to the injector through a small inlet. 


of the steam-supply is regulated by the coned plug, which fits more or 
less closely against the orifice. 

The combining tubs, c, is where the slowly moving water, drawn 
up from the well R by the action of the steam-jet, combines with the 
swiftly flowing stream of condensed steam, and is carried forward by 
it into the boiler. 

The delivery tube, d, receives the contents of the combining tube. 
Here at its narrowest part the maximum velocity of the jet is attained, 
and from this point the velocity of the jet is reduced as it proceeds 
along the diverging tube to the boiler feed-pipe /. 

The overflow, o, is an opening or break in the pipe through which 
excess of water or steam may escape during the operation of starting. 

Fig. 188 illustrates the actual construction of the injector as 
originally introduced, and of which pattern large numbers are still 
made. 

Fig. 189 is a section of Messrs. Holden and Brooke’s Injector (non- 
lifting pattern). 

Action of the Injector. — To start the injector, it is necessary first 
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tui'n on the water-supply, and then to withdraw the steam-spindle 
^lightly so as to admit steam through the nozzle into the injector. 
1?lie steam-spindle may then be fully opened, the supply of water 
t>eing regulated till there is no overflow of either water or steam. 
I' he steam-jet carries forward with it entrained air from the water- 
oliamber (A, Fig. 187), thereby causing a partial vacuum in that 
oliamber, and the water in the suction pipe to rise and enter the com- 
l>ining tube. The jet of steam, coming into contact with the cold 
■Water, is condensed laterally to an attenuated thread of water, which 
detains, however, its original velocity, and passes forward from the 
Combining tube into the delivery tube, carrying with it entrained 
Water. . 

After passing through the throat of the delivery tube, the velocity 
of the steam decreases as the cross-section of the diverging tube 
increases, and finally the combined stream enters the boiler. 

^ ^ The Combining Tube.— In this tube, 

by means of the vacuum formed- by 
the condensed steam, the water is 
drawn up into the injector. It is 
evident, therefore, that the water 
must be sufficiently cold to condense 
the steam, and that the proportion of 


WATER 


OVERFLOW 



STEAW 


STEAM 



Fig. 188. 

Water to steam must be sufficient to ensure complete condensation, 
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if the injector is to lift water from a well placed below it. The 
quality of the vacuum in this tube depends upon the temperature 
of the combined steam and water. ^ 

The effect of varying the steam pressure with a given seUing oi 
the instrument is to vary also the supply of water needed. Thus, if 
the steam pressure is increased, the, supply of feed- water should 
increase also, to properly condense the steam, or the degree of vacuum 
will be reduced and the action of the injector impaired. Or, if the 
pressure of the steam is reduced, the feed-water will be in excess, and 

will escape by the overflow. i? • i 

Velocity in the Delivery Tube. — If H = the head of water in the 
boiler equivalent to the internal pressure, then the velocity («) of 

a jet of water flowing from 

— 1 and the 

‘ velocity of the jet to enter 

; 1 the boiler, or its equivalent 

! pressure, must be in excess 

Y of this. 

' P ~ weight of 

I I I I 1 cub. ft. of water in pounds, 

^ • 1 I ^ ; i then P in pounds per square 

T ^ T i ^ ft. = wB. lbs. ; or--- 

I j I PI ^ 


p " ^ ^ Prom which it is clear that 

velocity of a jet varies 
inversely as the square root 
of its density (w). Thus the 
velocity of steam will be very 
much greater than the velocity of water under the same pressure, 
because of the very low density of steam compared with water ; 
hence the effectiveness of the condensed steam-jet as a means of 
admitting water into the boiler against the boiler pressure. 

The impinging jet enters the boiler because the kinetic energy 


which it possesses 




or its equivalent in pressure, is greater than 


that which is due to the head H of the equivalent water-column acting 
in the opposite direction. Na^ier^s formula for the flow of steam into 
the air in pounds per second 

“ 70 

where P = boiler pressure absolute in pounds per square inch ; 
A = area of orifice in square inches. 

In the gradually diverging delivery tube, if a section be taken at 
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successive positions along the tube, there will be exactly the same 
weight of water flowing through each of these sections in the same 
time, namely, AY, where^ V = velocity in feet per second, and A = 
area in square feet; and AY = AjYi = A 2 Y 2 , etc., assuming the 
density of the jet to be uniform. And since the area A of the section 
increases from the minimum section towards the boiler, so the 
velocity decreases ; and since the area changes as the square of 
the diameters of the section, the velocity will change inversely as 
the square of the diameters. This is shown by the diagram Fig. 
190, where a curve of velocities is set up at successive sections of the 
tube, calculated thus : 

■XT ^ i volume passing in cubic feet 

Velocity at any section = J:— 

area 01 section in square leet 

AY d^Y 

or Yi = -r— ; or Yi = -yir, where d = diameter of section 

Since the pressure at any section varies with the velocity, a curve 
of pressures is also drawn. It is calculated from the following 
formula : — 

Hi + ~ = Ho + ^ = a constant 

these expressions representing the ‘‘total heads” at the beginning and 
end respectively of the delivery tube ; and the sum of the pressure 
and kinetic energies in the tube being a constant — 


Then H 2 = Hi + 


'^9 

the value of v for any. section of the tube being obtained as explained 
above ; and the value of P being equal to «(;H as before, we may 
write — 

10 to 2g 

Weight of Feed Water per Pound of Steam. — Assuming the steam 
supply to be dry, and reckoning from 32° Fahr. — 

Heat-units contained in the steam per pound = + Li 

„ „ feed-water per pound = 

„ „ mixture per pound = (1 + W)/^^ 

Then, neglecting losses by radiation, the pounds of feed-water 
supplied per pound of steam used by the injector may be obtained 
when we know the rise of temperature of the water passing through 
the injector. Thus — 

Gain of heat by feed-water = W(Jh — h') 

Loss of heat by the 1 lb. of steam = Li + Ai -Jh 


The kinetic energy of the jet 
expressed in heat- units 


H(l+W)|x 


778 


Then— 
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Li + \ - = (1 + W)|^ X + W(7i, - 7*,) 

Loss by steam = kinetic energy of j^t + gain by feed 

IsTeglecting the term representing kinetic energy, which would be 
very small — 

L, + k - h = W(L - I,) 

= the weight of feed-water lifted per pound of steam 
supplied lo the injector 

The overflow is assumed to be open to the atmosphere, Ji-nd therefore 
the temperature of the Jet cannot exceed 212° Fahr. It is seldom 
higher than 170° Fahr. - 

The temperature of the water passing into the boiler depends upon 
the fact that the steam from the jet must all be condensed as it 
leaves the steam-nozzle. 

The temperature of the water with which the injector is supplied 
must be low enough to condense the steam from the steam-nozzle, 
otherwise the injector will not work. The weight of water delivered 
per pound of steam used is about 13 lbs. for locomotive in- 
jectors. 

As the initial temperature of the feed-water is increased, the weiglit 
of steam required to lift a given weight of feed- water increases. 

Efficiency of the Injector. — The mechanical work performed by the 
^ injector consists in lifting the weight of feed- water through a height 

and delivering it into the boiler against the internal pressure. 

U = {W^ + (W 4* 1)A^} - in heat-units 

where XJ = work done ; \ = the equivalent head = p X 2*3 duo to 
the pressure, where 2*3 = head in feet per 1 lb. pressure ; and 
W = pounds of water delivered per pound of steam. 

If considered as a pump, the efficiency is — 


Jji hi — h.2 

where the denominator represents the number of units of heat given 
up by the steam to perform the work. 

The Thermal Efficiency, E^, of the injector is unity, for — 

/ Heat supplied ^ work done in lifting and ^ ^ heat restored 

V from boiler y ~ v injecting feed- water y V fo boiler y 

or — 

^ j]-^W(h^h,') 

Li + hi^\ 

That is, all the heat expended is restored either as work done or 
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in heat r(‘tnrn(‘(l to the* boilin’, and thi* K, (»f ilu^ alnno friic* 

tion = 1. It slioulcl tH‘ notocl, how(*v<n% that tho boat is rottirnml at 
a lowor tonipiu’atairo. 

Wluni a boilnr plant is priivhltal with an tu'caum ii'/.(*r oi* ftani lioator, 
tho injactor may Ins inaih^ to supply tho tVinl throui^h tho iViHl hoator, 
and tim hot faiul from tho injfct(»r inay thus ho still furthor hoatisl 
in tho food-hoator on its way to tlio builor. 

The Lifting Injector.- Tho prnporty ptKssossod by tho iiijortm- 
enabling it to liff %vator <ioponds upon its power to reduoo tlio 
pn^SHiiri^ in ehambin* A ( i‘'ig. b'^T) bohiw’ that ot tho at niosplioro. 
There is no ditluadty in eottfinuing tho vvator»HUpply when it has 
onoo (nt(‘r<*d thoi inJo(’t(»r, booatmo <»f tho vaouum formed by tho toio 
(lonsation of sti^am in tin* oombining t\da^ ; but to raise tho water in 
th(^ first place, the Jid. of steam passing out< of the iioz/h* at a high 
velocity must act first as an e/iWer entraining the air away from the 
chamhm* A and carrying it forward through the eonduning tulie, thiiH 
causing a vaouum in A. 

lA>r this purpose the steam must have a //-ee through the 

instrument suflioient to pr(‘vent any throttling of the steam an it 
issues from the mmle, othei-wise a pressure will hi* set up in A 
greater than that in H (Fig. 1^7) which is opim to the atmosphere, 
and no water will he lifted. 

This freedom from throttling of the' steam as it passes along the 
comlnning tulHomay b{* aoi’omplished in two ways : tirsf, by arranging 
for a small amount of steam to pass through the jet hy only i»pening 
slightly th<^ sti'am spindh^ ; or, .s(‘oomlly, if a large flow of steam is 
passing through tlu^ m»r/,h*, t<» arrange f<ir a sidbaeting method of 
(mlarging thi’ area, td’ I’xit for the .steam, to prevent its beeojning 
throtthal in thi^ inj<s*t(»r. Injei’tias fitted with .stteh an ari’angement 
ari^ termiul automatic’, self-at;! ing, re-starting injeebirs. 

‘‘Automatic” Injectors. These are injeeitu’s which, if stopped in 
their aidion hy jolting, as on a lo4’omofi\e, or from any othf*r cause, 
automatically n^^start, luid etmtintu* to work withmit rcHjuiriiig any 
readjustment of the steam or water supply, as would he necessary if 
the inj(‘ctor wen^ of thc^ type previously dest'Hhed. 

Thc^ methods adopted in order to fulfil the condition of autoiuatie 
re-starting are shown in Figs, IlU and 102. Idg. 191 is a standard 
|)attiu’n as madi^ hy Messr.H. Holden and Hrooki'. Fig, 102 is the 
“split-nozzle” injector, in whicli it wdll seen that the C’ornhining 
tube is split Icmgitudinally for rather more than half its length. 
The loose half forms a flap, and hangs freely from a hinge. When 
the injector is not at work the flap hangs open, ami thus iitrords 11 
large area for <*S(‘apci of steam througfi the* overflow. 

When steam is turned on it flow’s fri'ely through the injector, 
entraining air with it, forming a vacuum in the suction pipe and 
drawing wati^r into the instrument. When the water reaches tlie 
combiiiiiig tuh(^, the steain is comlenseil, a j»ar(ial %aemnn is fc»rmed, 
and th(^ llap instantly closes, thc^ overflow' being in eomimtnicnf ion 
with the air. The ‘split nozzle thmi acts as an (U’dinary solid 
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combining tube, and the water is 


carried forward through the 
delivery tube into the boiler. 

The Holden and Brooke in- 
jector (Fig. 191) is similar in 
principle to the flap, but the 
flap valve is placed in the 



Fig. 191. 


Fig. 192. 


shell of the injector instead of in the nozzle. 

The Exhaust Injector is similar in principle to an ordinary injector, 
and differs from it chiefly in having a steam-nozzle of very wide bore. 
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Fig. 193. 

The feed-water supply to the exhaust injector must be arran^’ed to 
jioio into the injector.* ^ 

Fig. 193 shows the attachment of the exhaust injector to a boiler. 



CHAPTER XII. 
com)Ei\rsEj?s. 

The condenser is a chamber into which the steam is passed and con- 
densed instead of being exhausted into the air. 

The object of the condenser is twofold, being first to remove as far 
as possible the effect of atmospheric pressure from the exhaust side of 
the piston by receiving the exhaust steam and condensing it, thus 
reducing the back pressure from 16 or 17 absolute to 3 or 4 lbs. 
absolute ; and, secondly, to enable the steam which acts on the piston 
to be expanded down to a lower pressure before leaving the cylinder 
than, can profitably be done when the steam exhausts into the air. 

In compound engines, since the influence of the condenser acts in 
the largest cylinder, the proportional increase of power will be large, 
varying from 20 to 30 per cent., depending on the proportion which 
the increase of mean pressure bears to the original mean pressure 
of the engine referred to the low-pressure cylinders. The proportional 
gain by a condenser will thus be greater as the power of the engine 
is reduced. 

Condensers are of various types, which may be divided as 
follows : — 

1 . Those requiring large quantities of cold water for the purpose of 
condensing the exhaust steam, including — 

(a) Jet condensers ; 

(h) Surface condensers ; 

(c) Ejector condensers ; 

where in each case the cooling water passing from the condenser flows 
away to waste. 

2. Those requiring very small quantities of water, the place of the 
continuous water-supply being taken by an extended cooling surface 
exposed to currents of air, and including — 

(a) Evaporative condensers ; 

(1)'^ Ordinary condensers combined with a system of air-cooling of 
the condensing water. 

The jet condenser, as its name implies, condenses the steam by 
means of a jet of cold water, and is illustrated by Fig. 194. 

The steam, on being exhausted from the cylinder, passes into the 
condenser C, where it is condensed by the jet of cold water. The 
condensed steam and injection water must now be removed by means 
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of the AP, so called because it removes the 

into the condenser with the injection water and ^ 

The ,ir thus mtvoduo^l to th. contoter » »p’. £ge back 

pressure unless re- 
moved. The amount of 
air by volume in in- 
jection water is said to 
average 5 per cent, of 
the volume of the water. 

The condensed steam, 
injection water, air, and 
vapour are pumped into 
the hot well HW, and 
thence flow chiefly to 
waste. The feed-supply 
for the boilers is taken 
from this source. 

The suction valve of 
the air-pump is called 
the foot mlve^ and the 
delivery valve is called 
the head valve. 



Fig. 194. 


condenser and air-pump used for horizontal engines as made by 
Messrs, Tangyes of Birmingham is shown in the diagram, Fig. 195. 

The air-pump rod is an extension of the piston-rod through the 
back end of the cylinder. The exhaust steam enters the condensing 
chamber C, where it is met by the cold-water spray J and condensed. 
The condensed steam and injection water are removed from this 
chamber by the air-pump AP, which draws it through the suction- 
valves FY, and forces it forward through the delivery valve HY into 
the hot well HW, from which the boiler-feed may be taken. The 
remainder overflows. 

The steam should enter the upper portion of a jet condenser so that 
there is no danger of the water flowing back to the cylinder, and in 
all cases the injection supply should be carefully regulated, and shut 
oflP before or at the same time as the steam-supply is closed when the 
engine is stopped. 

The condenser should be so shaped that the water may flow readily 
by a fall from the condenser to the bottom of the air-pump. 

The capacity of a jet condenser may be generally one-third that of 
the cylinder or cylinders exhausting into it.^ 

Surface Condensers. — The surface condenser has now entirely 
superseded the jet condenser for marine work, and it is employed 
for stationary work in cases where it is desired to return the condensed 
steam as feed to the boilers, as when the condensing water is too dirty 
or too full of impurities to be used as feed. 

^ Seaton’s “ Manual of Marine Engineering.” 
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XJp to about the year 1860 the pressure of steam in marine boilers 
"VvaiS not more than 30 lbs. to the square inch, and the boiler-feed 
■vva^s taken from the hot well of a jet condenser. This water 




Fig. 195. 

was practically as salt as sea-water, owing to the fact that the 
condenser was supplied with a sea-water injection, the sea-water ^ and 
the exhaust steam being in the proportion of about 30 to 1 by weight. 
Even, with the low boiler-pressures then used, the salt in the boiler 
was a serious drawback, for sea-water contains of its weight of 
solid matter dissolved in it, and when evaporated, the whole of the 
dissolved solid matter is left behind to be deposited on the boiler- ' 
plates forming a more or less solid incrustation. This incrustation is 
a bad conductor of heat, and further, since it keeps the water from 
contact with the hot furnace-plate, there was great danger of the plate 
jcretting red hot, and the top of the furnace collapsmg. To Prevent 
&ie water in the boiler from becoming too much saturated i^th salt, 
it was necessary to “blow off” a portion of the contents of the boiler 
from time to time, and to supply its place with a tre^ supply of 
sea-water. By thus blowing away to waste large quantities of hot 
water, a considerable waste of heat was evidently the result. 

But when steam pressures began to increase — ^this being made 
possible by the introduction of mild steel plates for boiler construction 
l_the difficulty arising from the presence of salt in the feed-water now 
became more serious, for at higher temperatures and pressures the 
presence of solid matter is much more mischievous and dangerous. 
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; ; Hence the introduction of the surface condenser, which does away with 

the necessity of feeding the boiler with salt water ; the condensed 
‘j steam itself being kept separate from the condensing water, and the 

'I condensed steam alone being pumped back again to the boiler as a 

I . hot fresh-water feed. For the steam is here condensed, not by being 

'! mixed with large volumes of cold water, but by coming in contact 

'i with cold metallic surfaces. 

Thus the great advantage of the surface condenser consists in its 
providing a feed to the boilers free from sea-salt in solution. 

Starting with the boilers filled to the working level with pure 
f. water, this same water is used over and over again indefinitely, the 



Fig. 196. 

only additional feed being that necessary to ’ make up for the small 
waste from leaky glands, loss by safety-valves, etc. 

The general arrangement of a surface condenser is shown in Fig. 196. 
The cold metallic surface required by which to condense the steam 

is provided by means of a large number of 
thin tubes through which a current of cold 
water is circulated. This arrangement 
supplies a large cooling surface within 
comparatively small limits of space. 

The tubes are made to pass right through 
the condensing chamber, and so as to permit 
of no connection between the steam and 
condensing water. The steam is exhausted 
into the condenser, and there comes in con- 
tact with the cold external surface of the 
tubes. It is then condensed, falls to the 
bottom, fiows into the air-pump chamber, 
and is pumped into the hot well, from which 
Fig. 197. feed-pump passes it forward to the 

boiler. 

The tubes are secured to tube plates as shown (Fig. 197), and outer 
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rs are placed over each end, space being left to allow of cn-culation 
le cooling water as shown by the arrows 

ae cooling water is forced through the tubes by means of a 


in Fig. 
directly 


Fig. 198. 

dating pumj), sometimes of an independent type, as shown 
though frequently of the simple plunger type worked 
1 the engine. 

he cold circulating water enters at the bottom corner of the 
lenser through a , _ 

ged opening in the 
sr, and it is com- 
3d to pass first 
•ugh the lower set 
ibes by a horizontal 
ding-plate, and to 
.rn through the up- 
rows to the outlet 
ing to the overflow, 
ig. 199 illustrates 
rface condenser and 
>ump as applied to 
ine engines, the 
ips being driven 
a the main engines 
side levers worked 
inks from the cross- 
i. 

he Vacuum Gauge. 

'he vacuum gauge 
)rds the difference 
ween the pressure 
he external air and 
pressure in the condenser in inches of mercury, not in pounds 
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per square inch. The face of the gauge is graduated from 0 to 30 I 
in. of mercury. One inch of mercury = 0*491 lb. pressure. This is 
usually taken as 0*5, and then 1 lb. pressure = 2 in. of mercury 
approximately. 

To convert the reading of the vacuum gauge into pounds per square 
inch pressure measured from absolute zero, take reading of vacuum 
gauge, subtract from 30, and divide by 2. 

Independent Air-pump and Condenser. — To convert a non-condensing 
plant into condensing, a simple method is to fix an independent con- 



denser and air-pump worked by its own separate steam-cylinder. 
Such an arrangement is shown in Fig. 200, which illustrates the 
Worthington independent jet condenser. 

Exhaust steam enters at A and passes into the vacuum chamber F, 
through a spray of cold water issuing from the cone valve D, the 
cold-water supply being connected at B. The quantity of cold injection 
water is adjusted by the wheel E. 

The condensing water and condensed steam are removed by the air- 
pump Gr, through the suction valves H, and the discharged valves I, 
to the discharge pipe J. 

The Worthington pump is duplex that is, there are two steam- 
cylinders and two pumps working together side by side, forming one 
set, and so combined as to act reciprocally, each on the steam-valve of 
the other. The one piston acts to give steam to the other, after which 
it finishes its own stroke, and waits for its valve to be acted upon 
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before it can renew its motion. This pause allows all the valves to 
close quietly, and prevents shocks. One or other of the valves is 
always open, and there can therefore be no dead point. 

Fig. 201 illustrates the "Wheeler independent surface condenser 
mounted on its own air and circulating pumps, these pumps being 
driven by a single separate steam-cylinder shown between them. 



Fig. 201. 


A feature of this condenser is the “double-tube system” of con- 
veying the cooling water, as shown in Fig. 202. The circulating or 
cooling water enters at the outer end of the smaller internal tubes, 
which extend nearly to the far end of the larger tubes. The small 
tubes are open at the inner end, and the large tubes are closed at 



Fig. 202. 


that end by a brass cap. Thus the water, after passing through the 
small tube, returns in the opposite direction through the annular 
space between the two tubes. By this device the surface exposed per 
unit weight of cooling water supplied is considerably increased. 

The water passes from the lower group of tubes to the higher, as 
shown by the arrows, and after passing in a similar manner through 
the upper group of tubes, leaves the condenser at the top. 

Weight of Water required per Pound of Steam condensed.— Each 
pound of cooling water entering a jet condenser will gain ^2 — ^1 units 
of heat, and each pound of steam condensed will lose H — ^2 units of 
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heat ; where tg = final temperature of mixture of condensed steam and 
injection water, t^ = initial temperature of injection water, H = total 
heat of steam at pressure in exhaust pipe. If W = weight of cooling 
water required per pound of steam, then — 

Wa - 1^0 = H - (ig - 32) 

k-ti 

This assumes the steam dry at exhaust, which is sufficiently accurate 
for practical purposes. 

The weight of water required for condensing in surface condensers 
is somewhat greater than that in jet condensers, because in surface 
condensers the final temperature (^3) of the cooling water on one side 
of the cooling surface must always be less than that of the steam (t^) 
on the other side of the surface ; whereas in the jet condenser the 
condensing water and condensed ^^feteam are both finally at the same 
temperature (^2). For surface condensers, assuming the exhaust steam 
from the cylinder is dry — 

w = 

H — ^2 — 32 being the heat lost by the steam, and — ti being the 
heat gained by the condensing water. 

The Ejector Condenser.— This apparatus, as constructed by Messrs. 

T. Ledward & Co., is illus- 
trated in Figs, 203 and 204. 
The cold water, which 'should 
be supplied from a head of 15 
to 20 ft., enters the appar*atus 
through a contracted nozzle as 
shown, and passes forward in 
the form of a round solid jet 
through a series of coned 
nozzles, and at a suitable Te- 
locity obtained from the head 
of water in the supply pipe. 

The exhaust steam entering 
the apparatus flows into the 
annular spaces between the 
cones, and is condensed by 
the stream of cold water and 
rapidly carried away ; and this 
condensation of the exhaust 
steam takes place so rapidly 
as to maintain a high degree 
of vacuum in the exhaust 
chamber. 

Where a natural fall of 
water is not available, a pump 
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Fig. 203. 







Fig. 204. 


noticed that the ejector condenser delivers a stream of water against 
atmospheric pressure while there is a more or less perfect vacuum in 
the condenser itself. This is due to the kinetic energy of the jet of 
water being able to overcome atmospheric resistance. The amount 
of condensing water required per pound of steam condensed may be 
calculated in the same way as already described for the jet condenser. 

Evaporative Condensers.— The chief difficulty in the way of 
working engines condensing instead, of non-condensing has usually 


must be used to raise the water to the required height, or to force 
tke water direct into the condenser. 

With this apparatus a vacuum can be obtained before the engine 
starts, which is in some cases an advantage. 

No air-pump is required with the ejector condenser. It will be 
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been the absence of a good supply of water, the quantity required 
in surface and jet condensers being from twenty to thirty times the 
weight of the feed-water used. But with the introduction of the 
evaporative condenser, the absence of a good water-supply is no 
longer a difficulty, as the same result may be obtained by the action 
of air on an extended cooling surface. By the use of such an extended 
external cooling surface, it is possible with a supply of cooling water 
no greater in amount than that used by the boiler feed, or even less, 
to secure an efficient vacuum. 

The increase of power, or increase of economy of steam for the 
same power as compared with working non-condensing, as already 
stated, may be considerable, while after the first cost of the apparatus 
the working expenses are practically nothing. Thus if the mean 
effective pressure on the piston without a condenser is 30 lbs. per square 
inch, and this mean pressure be increased by an additional 12 lbs. 
due to removal of back pressure by the condenser, we have a gain 
of 40 per cent., and this gain would probably be a very good interest 
on the outlay. 

The evaporative condenser, as made by Messrs. Ledward & Co. 
(Fig. 205), consists of a series of pipes arranged and constructed 



Fig. 205. 


so as to afford a large external radiating surface, over which small 
streams of water are allowed to slowly trickle. The exhaust steam 
enters the system of pipes at one end, the other end being connected 
with an air-pump which maintains a vacuum in the pipes. The 
exhaust steam parts with its heat by evaporation of the water on 
the external surface of the pipes. A circulation of cooling water is 
continuously maintained by means of a circulating pump, which 
feeds from the collecting tank below the system of pipes. 

The apparatus just described is in all respects similar to an ordinary 
surface condenser. 

Condensing-water Coolers. — The illustration (Fig. 206) shows an 
arrangement by Messrs. Worthington for re-codling the condensing 
water, which is discharged from an ordinary jet condens.^r. This 
arrangement is not to be confounded with the em^orative condenacT 
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The feature of the arrangement is that the condensation may be 
maintained continuously by the use of a comparatively small original 



Fig. 206 . 

supply of cooling water, this water, which is used over and over 
again, heing successively heated in the condenser and cooled in a 
cooling tower. 
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The heated water, on leaving the condenser, is raised to- the top of 
the tower, where it is distributed, and cooled by means of a current of 
air induced by a fan, and hnally returned to the storage tank, from 
which it is again drawn for re-use in the condenser. 

A small portion of the water is evaporated in the tower, but the 
amount so evaporated is less than that of the condensed steam by 
which the injection water is continuously augmented in the condenser. 
The cooling surface within the tower is made up of series of hollow 
cylindrical tiles arranged one above the other but not concentrically. 
In this way a large coohng surface is provided. 

The hot water from the condenser passes up by a pipe through the 
centre of the tower, and is sprayed over the top row of tiles by distri- 
buting pipes, which rotate around the central pipe ; the rotation being 

accomplished by the reaction 
of the jets of water issuing 
from the sides of the rotating 
pipes. 

The Edwards Air - Pump 
(Fig. 206a). — The feature of 
this air-pump is that the foot 
valves, and the bucket valves 
of the ordinary type of air- 
pump are dispensed with, head 
valves only being required. 
The condensed steam flows by 
gravity from the condenser into 
the base of the pump, and from 
thence it is ejected mechani- 
cally by means of a solid conical 
piston descending upon the 
base, which is also conical, 
and which fits the piston when 
the piston is at the bottom .of 
its stroke. 

When the conical piston 
descends, the water is projected 
at a high velocity, silently and 
without shock, through the 
ports shown at the bottom of the working barrel of the air-pump. 
The rking piston or bucket closes the ports, traps the air and w'ater, 
and discharges them through the valves at the top of the barrel. This 
pump is said to be equally successful at high and low speeds. 



Fig. 206a. 



I 



CHAPTER XIII. 


FEED-WATER HEATERS. 

TitB importance of heating the feed-water 

ho too ^frequently impressed, from the pomt of view no y 

oconomy, hut also of the durability of the boiler. , . arises from 

The economy obtained by the use of feed- water heaters arises trom 

the fact the heat used for the purpose of feed 

ht^at -which would otherwise have been wasted, as m 

heaters and waste chimney-gas feed of the boUer are 

C21 That the evaporative iiower w -been 

i Jried *!.« th, .did „.tl.r 4i»<> “ ‘I* 

first separated and deposited in the feed-heater, rather tna 

raore effective heating surface of the boiler . ^bich would 

The economy obtained by usmg heat for ._ 

otherwise be wasted, may be illustrate numenca^^^ pressure by 

Suppose steam supplmd from e 1193-6 units; or if 

= {1193-6 - (60 - 32)} - CAIN BYFEED HEATING 

1166-6 thermal units with steamatioolbs. 

a cold feed-supply. 

If now the temperature 
of the feed-water is raised 
to 200°, we shall require 
from the boiler furnace, 
for each pound of water 
evaporated {1193^6 - (200 

32) } = 1025-6 thermal 

urxits, which is a gain of 

V 100 = 12 per cent, 
i d 66-6 oovi 

The diagram (Fig. 207) 

shows the extent of the 
oTcai-n, by heating feed^watei . 
nPlixxs referring to the in- 
dined line drawn is seen that by heating the feed to 160 

a feed temperature of 40 , it is 


) 80 100 120 ISO 200 

• temperature of feed 
■Fig. 207. 
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the gain is over 10 per cent. ; or if it is raised to 280° the gain is 
over 20 per cent. The inclined lines have been plotted from calcu- 

A good form of exhaust-steam feed-heater, as made by the Wheeler 
Engineering Company, is illustrated in Fig. 20S. 

The exhaust steam enters the lower part of the heater, passing 
around and among the tubes, and leaves by an exit towards the top • 

of the heater. The space sur- 
rounding the tubes in the heater 
is made large enough to allow a 
free passage of the steam with- 
out increasing back pressure. 

The cold feed-water passes 
through the tubes, entering at 
the bottom and passing upwards 
to the top through one half of 
the tubes, and downwards to the 
bottom through the other half. 

The tubes are screwed into 
the tube-plate at one etid, and 
at the other end pass through a 
stuffing box, so that the tubes 
are free to expand independently 
of the body of the condenser. 
The feed-water and that part of 
the heater containing it, are 
under boiler pressure, and must 
therefore be constructed of suit- 
able strength for the purpose. 
The feed-water is forced into 
the boiler by the feed pump, 
through the heater, against the 
pressure of the boiler. 

A feed- water heater may be 
of value even in condensing engines, the heater being then j)laced 
between the engine and the condenser. The gain in such a case is 
due to the fact that the temperature of the water in the hot well is 
usually much lower than that corresponding with the pressure of 
the steam in the exhaust pipe. For example, the water in the hot 
well may not be more than 90°, while the temperature of the steam 
in the exhaust pipe may be 150°. 

The use of the exhaust steam from auxiliary engines for the 
purpose of feed-heating is considered good practice. 

Peed-heating by Steam from the Receiver of a Compound Engine.^ — 

It has been already pointed out that the maximum efficiency of a heat 

. . T -- T 

engine is expressed by the equation -A— — where = initial 

I3 

1 See an article on “Feed Water Heaters,” by Dr. A. C. Elliott, Enqineerinq, 
January 11 1895. » » 
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temperature of the woi'king fliiid, and T. ~ tlu^ temperature due to the 
back pressure!! against the piston. 

lint the eilicieiu^y of the steanec^ngiiie cy<*Ie falls sliort of thin, 
owing to the heat of the feed not lieing supplied at tiie nia.xirnuin 
teniperatun^ but along a gnwlually increasing temp(*rature line. 
The us(‘iul work doiu^ falls short of the Carnot cycle by thc^ dotted 
triangle aeh (h^ig. 209). 

This ellieiency, howc^ver, may be furtlicu' a])proa<tlHal by the 
method of abstracting heat from the working sti'am by Hingc‘H during 
expansion, from the high-pressure cylindm* dovenwards towards tlte 
condenser, for the purpose of luxating the feed-watmx The cyt‘l(* them 
becomes similar to that of tlu>! (ingim^ of Dr. Stii'Iing, who appHc*d 
the n^generative principh^ of adding and subtracting heat to and 
from the working Iluid by mc^aus of a ngimerator. Tims, in Pig. 210, 
if, instead of expansion along ct from T. to T^, Inmt is ab.Htra<*ted for 




m q 


Fio. 209. 


Fm. 210. 


Fm, 211. 


the purpoH(M»f feed-luviting equal in amount k) tiu* an»a mdctj ; th<ui, 
if the h(>!at, tndnj, so abstnu'tcul he traimhuTiHl to iht^ working fluid, 
and the amount transf(‘rred per pound bc^ ecjual to i,!iat r<*.quired to 
raise the tomp(»ratur<i of t.hi^ I lb, of fecnl-waktr from to T„ naimdy, 
fahli: then the lu^t In^at added == area hhcfj ; and the ntd. Inmt reje<!t^Ml 
= area fadm = aix^a lintg ; 

, ^ . ahed shH 1\ ^ T. 

= T. ■ 

The system introduced by Mr. Weir of heating tfio feed-water by 
steam taken from the receiver between tlu^ cylinders of comptnind 
engines is an approximation to the same reHuIt. Thus, irmkuid of 
the expansion being carried along the adiabatic lint^ cd, from c t-o d, 
it expands from c to e (Pig. 211) in the high-presmire cylinder, anti 
then a portion of the dry steam, namely ep 4 - cm, is t^xtracttnl fnmi 
the receiver to heat the feed-water. If an ind(*finite mnnlicr of Hiiiall 
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portions be extracted, then the irregular line, cepSj will approach 
nearer and nearer to the dotted line, ck, and the efficiency becomes 
equal to (Tj — To) -4- T^. 

Taking a numerical example r Compare the efficiency of a triple-expansion engine 
with and without feed-heating, the feed being heated in the former case by steam 
from the receiver between the intermediate and -low-pressure cylinders (Fig. 212). 

Initial absolute temperature of steam = 842° 

Temperature in exhaust-pipe Tg = 624° 

Temperature in receiver K, = Tg = 740° 

Absolute temperature of air-pump delivery = 590° 

Suppose 10 per cent, of the steam be taken from receiver K, at temperature Tg to 
heat the feed- water. 

1. Efficiency feed-heating : — 

To find the value of 17 = the number of units of heat converted 



into work with steam working from T^ and expanding down to T^, and 
exhausting at that temperature. 

Total work done without feed-heating = U 

= (1437 — 0-7 Tj)- ’ + (Ti — Ta) — -Talog^^^ (see p. 54) 

= (847*6 X 0*2589) + 218 - 187*2 
= 250*24 

Also, total heat-units supplied per pound of steam — 

= H = 1437 -f- 0*3Ti from absolute zero 
= 1082 -f O'St from 32° Fahr. 

Or from feed-temperature 590° absolute 

= (1437 4- 0-3T0 - 590 = 1099-6 units 

therefore efficiency = E = -^ = = 0’22819 
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2. Efficiency with feed-heating : — 

If U = work done per pound working from Tj to Tg 

= jj n 

U, = total work done 


Then, since - lb. of the steam passing through the engines is removed 

at T3, the total work done per pound 

n — \ 


= U,= 


U +-Ua 

1 ^ a 


But the value of U has been found, and it only now remains to 
find the value of U«, the process being exactly the same as in finding 
U, substituting T3 for Tg throughout ; thus, to find U„, or the work 
done per pound of steam working between the temperatures Tj 
and Tg — 

0-7 + (T, - T,) - T, log, ^ 

95-608 


XJ, = (1437 


= 847*6 X 0*12114 -f 102 
= 109*072 heat-units. 

Total worlc done (U«) by the steam when - is extracted from the 

n 

receiver; and when w = 10; then — 

= 0*9 X 250*24 + 0*1 X 109*072 
= 236*123 heat-units. 

But the work done when no steam was withdrawn from the 
receiver was equal to 250*24, and is, of course, greater than when 
steam was withdrawn from the receiver. Before, however, we can 
compare the efficiencies of the two systems we must find the net 
heat supplied in each case, and for this purpose, in the latter case, 
we must find the temperature (Ej) of the hot feed obtained by this 
system of feed-heating. 

Thus, if F be the temperature of the unheated feed-water, and 
1437 + 0*3Ti = the total heat of steam when temperature is expressed 
in absolute units, we have — 

Y = fT-— + ^ ^^7 + 0*3T,-U, 

^ \ n J n 

= (590 X 0*9) + (1689-6 - 109*072) X 0*1 
= 689*05 


Then net heat supplied with the hot feed from receiver = 

Hi = 1437 -f 0*3Ti - Fj 
= 1000*55 

We can now compare the efficiencies — 


and 
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0-22819 as already found. 
Us 236-123 

(2) Efficiency witli liot feed = Ei = 


(1) Efficiency witliout hot feed 


= 0*236 


INtTlAL TEMP. 8A2 


RECEJVER TEMP. 740^ 
TEMP. OF ROT PEED 689/ 
EXHAUST TEMP. 624^ 


HOT WELL TEMP. 59^ 




- . 1000*55 

There is, therefore, a gain in favour of the system of heating the 
feed-water by steam withdrawn from the receiver in the proportion 
of 0*236 : 0*22819, or a gain of 3*4 per cent. 

The economy obtained by feed-heating may be well seen by 
reference to the temperature-entropy diagram (Eig. 213). Thiis, 

caking the data used in the 

^ •‘ic above problem, the diagram 

represents first the heat in 
the feed-water which is in- 
cluded within the area to 
the left of la. The tem- 
perature of the water from 
the hot well is given as 
590° Fahr. absolute. This 
is seen to be 34° below the 
temperature of the exhaust 
steam. It should here be 
noticed that the tempera- 
ture of the condensed steam 
passing away through the 
air-pump is always below 
that due to the pressure in 
the condenser, in conse- 
quence of the cooling due 
to the excess circulating 
water passing through ^the condenser. This excess is necessary, 
other wisQj the condensed steam in the condenser being near its 
boiling-point, the air-pump would not work. 

With the conditions already described, the heat required per pound 
of steam, when the feed is drawn direct from the condenser, is given 
by the area lacdfh. By the arrangement described of supplying 
steam from the receiver to heat the feed, the temperature of the feed 
has been raised, and the total heat now required to generate 1 lb. 
of steam is reduced by the area lanml, making the net heat required 
= mncdfm. This has been accomplished at the expense of a loss of 
heat = vtsfvy or a loss of useful work = Q'tse. The net gain has been 
shown to be 3*4 per cent. 

Feed-water Filters. — The chief objection to the use of condensed 
steam as a boiler-feed is the presence of oil carried out of the 
cylinders with the exhaust steam, and which, if pumped into the 
boilers, may cause serious trouble through deposit on the furnace 
plates. Too much care cannot be taken to prevent oil passing into 
the boilers, and, for the purpose of separating the oil, the feed-water 
is passed through a feed-water filter. 

If a sample of unfiltered feed-water from the hot well of a surface 
condenser be drawn off, it will be seen to have a slightly milky 


Tig. 213. 
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soapy to the touch. When this water is 
1 ^ good filter, the oily constituents are almost entifely 

filters consist essentially of a series of layers of filter-cloths 
ne grid-wire meshes, through which the feed-water is either 
or forced by the feed-pumps, and is thereby cleansed of 

filtering material meantime becomes gradually laden with a 
'^scous deposit, consisting of heavy oils and certain 

d matter. This deposit is periodically removed from the filter 
irting or renewal of the filtering medium. 
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Fig. 214. 

filter, of course, removes . solid matter only ; the impurities dis- 
d in the feed-water pass forward into the boiler unless removed 
feed-water heater or by chemical means. The efficiency and 
bion of a filter depend upon the nature of the filtering material 
upon the thickness or number of strata through which the feed- 
r passes. The filter should be placed at the point of lowest 
ble temperature of the feed- water, for the lower the tempera- 
tlie more viscous and the less fluid is the condition of the oily 
er, and the more easily it is separated from the feed-water. 

^ See article by Mr. N. Sinclair, in Gassier" s Magazine, October, 1897. 
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Pig. 214 is a type of feed-water filter made by the Harris Filter 
Company.^ The arrangement speaks for itself. 

To reduce the amount of oil returned to the condensers from the 
engines, regulations have been introduced, in some cases of marine 
practice, prohibiting the use of oil in the cylinders, not only of the 
auxiliary, but also of the main, engines ; and experience has shown 



Fig. 215. — C = connection from, main steam-pipe ; D = condenser ; E = pipe for 
transmitting pressure of head of water in condenser D to oil-chamber ; G = oil- 
chamber ; H = plug valve for. filling oil-chamher ; K = valve for regulating 
delivery of oil ,* L = sight-feed glass tube, showing delivery of oil in drops ; 
M = connection to steam-chest of engine, or to steam-pipe, for delivering the 
oil ; N = valve for running off condensed water from oil-chamber. 

that vertical engines may be worked without any lubrication of the 
pistons except by the water in the cylinder; but there is certainly 
a loss of efficiency in most cases, due to increased friction. 

The Sight-feed Lubricator has been a most valuable invention, 
as it provides for a regular supply of oil to the cylinder, and in 

^ From Casbier^s Magazine, October, 1897. 
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minimum quantities. The diagram (Fig. 215) illustrates Grandison’s 
-condenser type of sight-feed lubricator. This lubricator acts by the 
pressure obtained from the head of water contained in the condenser 
33 and the vertical pipe E, connecting it to the bottom of the oil- 
chamber G. When first fixed, the condenser and pipe are filled by 
liand, or allowed to fill by the condensation of steam admitted by the 
pipe C attached to top of the tube. The oil-chamber is filled with 
oil through the plug valve H, and the sight-tube L is filled with 
■water. The valves F and K at the bottom of the condenser-tube 
and sight-tube respectively are then opened, the condensed water 
enters the bottom of the oil-chamber, and by its pressure displaces 
■the oil, which flows from the top down the small centre tube, and is 
forced through the nozzle inside the glass tube L. The oil leaves 
bhe nozzle in drops, and ascends through the water in the tube, and 
•thence through the pipe to the steam-chest of the engine. The 
rate of feed or number of drops is regulated by the valve K at the 
bottom. When the oil is exhausted, it is replenished by first closing 
■the inlet and outlet valves, removing the plug valve H, and running 
■the condensed water off by the small valve, St, at the bottom. This 
valve is then closed, and the chamber refilled with oil. 


CHAPTER XIV.‘ 

GOVERNORS, 

Eeg-ulation of the Speed of the Engine— Yariation in speed of an 
engine may be due to variation of load on the engine, or to variation 
of mean pressure of the steam in the cylinder. When the variation 
is of the nature of a gradual increase or decrease of speed extending 
over a number of revolutions, such variation is controlled by the 
governor. When, however, the speed of rotation tends to vary 
during the period of a single revolution, due to variable turning 
effort on the crank -pin, or to sudden change of load, as in a rolling 
mill, such variation is regulated by the flywheel. 

The object of the governor is to maintain as nearly as possible a 
uniform speed of rotation of the engine independently of change of 
load and of boiler-pressure. 

ITone of the governors applied to steam-engines are able to accom- 
plish this result perfectly, for, being themselves driven by the engine, 
they cannot begin to act until a change of velocity has first occurred 
to give motion to the regulating mechanism. 

In practice, however, when any change of velocity does take place, 

a good governor instantly acts and 
prevents anything more than a small 
alteration of speed. 

Governors regulate the speed by 
regulating the mean pressure of the 
steam acting on the piston. This is 
usually done in one of two ways — 

1. By throttling; that is, by vary- 
ing the initial pressure of the steam 
supplied, the point of cut-off remain- 
ing constant. 

2. By variable expansion ; that is, 
by varying the point of cut-off in the 
cylinder, the initial pressure remain- 
ing constant. 

The principle of action of most 
governors depends upon the change 
of centrifugal force when the rate of 
rotation changes. 

case of a simple revolving pendulum, let W = weight of 
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ball, and F = centrifugal force due to speed of rotation, h = Leio-lit 
of cone of revolution, and r = radius of rotation of ball. Then 
if the speed of rotation is constant, the ball remains at a constant 
distance, r, from the axis of rotation by the action of the centri- 
fugal force F. The measure of the force necessary to maintain the 
ball at this constant distance, r, may be shown by means of a weio-ht 
F, hanging over a pulley, as shown (Fig. 216). Then, taking moments 
about A — 

F X ^ = W X r 

So that, knowing the values of W, r, and h for any given governor 
and neglecting friction, F can at once be found by calculation. ’ 

Fig. 217 illustrates a simple type of pendulum-governor, the action 
of which, as will be seen by the figure, is, by the rotation of the 
balls, to cause a movement of the sliding- 
sleeve E upwards or downwards on the 
spindle, and thus give motion to the 
bell-crank lever C, which, in this case, 
regulates the opening and closing of the 
valve through which the steam is sup- 
plied to the engine. 

Suppose a governor of the kind de- 
scribed is supplied for the purpose of 
attachment to an engine. There are, in 
the first place, at least two important 
points to be determined — 

1. At what speed must the governor 
be made to run. This information is 
needed in settling the sizes of the pulleys 
or wheels by which the governor is driven 
from the engine-shaft. 

2. Through what range of speed will 

the governor run during the movement 
of the sleeve from its bottom ^to its top 
position. This must be known, because 
for any other speeds outside this range 
the governor may rotate on its axis, but 
it will in no sense be a governor, and will Fig. 217 . 

sei've no purpose whatever. 

A certain speed of rotation must be reached before the balls move 
from their position of rest. When this speed is reached, the governor 
begins to act. 

If, when the speed increases, the governor reaches its top position, 
and in doing so does not close the steam-supply to the engine, then the 
speed may go on increasing, but the governor is no longer acting as a 
governor. It acts as a governor only between the range of speed that 
belongs to it while moving from its bottom to its top position. 

Xiet Fig. 218 represent the configuration of the goverj^or when in its 
bottom and top positions respectively. 
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Then F x = W X 

T 

r = w^ 

and F is therefore known for both positions, r and li being deter- 
mined by measurement, and W being the weight of one ball (omitting 
for simplicity the weight of the arms). Or F may be determined by 
experiment, as shown in Fig. 216. 

Having found F, we have now to find the speed of rotation which 

will generate a centrifugal force equal 
to F. 

It is shown in works on theoretical 
mechanics that centrifugal force — 

^ 4c7rVrW 

^ r ^ qr q 

T 1 /¥g 1 f-g 

aiicl«=2;;Ay^. = 2-Vi 

where n = revolutions of the governor 
per second, and t = radius of rotation 
in feet. 

This may be conveniently written — 

F = X 0-00Q34 

where N = revolutions per minute \ r = 
radius in feet. 

We may now find the speed IST of the 
governor for the two positions shown in the sketch, Fig. 218. 

1. Suppose W = 5 lbs., and taking first the lowest position of the 
governor balls, and finding the values of r and h by measurement — 

F X ^ = W X r 
F X 13-5 = 5x6 

F=r 2-22 lbs. 

Then == 2-22 ~ (5 x Cr-5 x 0*00034) = 2614 
N = 51 revolutions per minute 

2. To find»the speed in the upper position — 

F X ^ = W x 
F X 10*5 = 5 X 10*5 
F = 5 

= 5 -r (5 X *875 X 0-00034) = 3361 
N = 58 revolutions per minute 

Here the range of speed of the governor is from 51 revolutions per 
minute in its bottom position to 58 revolutions in its top position. 
The effect of friction in the working parts of the governor will be 
referred to later. 

Height of Cone of Revolution. — The relation between the height 


0 



I 

4- w 

Fig. 218. 
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h <,f tho cone of iv.vojutioi, (Pig. 219) and the speed of the governor 
is obtiiiiUHi tnnH the 6([iiattiou : — 

F X = W X r 


since F = 


\V?r 


<jr 


(jr 


X h=:::W X r 


GO 


t?- 

But V = 27rrn -- ^>y 

whore u n^volutiioiiH |)(U’ soconcl, and N =: revolutions per minute j 
. i X GO X GO X 12 35200 . 

" ‘ 47rVN^ 

If tlio valiu* of h for a niinple pendulum governor be calculated 
for dilhu’cuit Hptsuls, it will be found that while the change of height, 



120 

no 


100 

i 

90 

c:: 


§ 

80 




70 





1 

60 

fS! 


//, for a change*, of sjxmhI may be comparatively large when the speed 
of the go Vienna* in low, when the speed is increased the change of 
height for a changes of speed becomes so small as to be of no practical 
valuta 

Thus, for a cluvnge of spewed from 51 to 58 revolutions we have seen 
there is a change of Inught of 3 in., which gives a movement of the 
sleeve of th(^ goverm^r sulHcient to suitably open or close the throttle- 
valve by means (d' levers ; but when the speed is increased to 200 
revolutions, the height li = 35,200 -f- (200 x 200) = 0*88 in. ; and 
for a speed of 300 revolutions, 7b = 35,200 4 - (300 x 300) = 0*39 in. ; 
that is, a change of height of 0*88 — 0*39 = 0*49 in., or about J in. is all 
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the movement of the sleeve which can be obtained for a change of 
speed from 200 to 300 revolutions. This, of course, renders such an 
arrangement useless for the purpose of governing at high speeds. 

The value of h may be written — 

_ 9 




where w = - = angular velocity in radians, 
277!^ 


and I 


60 


radians per second 


where iT = revolutions of the governor per minute. 

Thus, if the revolutions of a simple Watt governor are 120 per 
minute — 

32-2 


I = 


/ 27rN 'n 


, = 0-204 ft. = 2*448 in. 



B C 

Fig. 220. 


The height % varies inversely as the square of the revolutions 

only, and does not depend upon weight 
of ball or length of arm; thus the 
height h will be constant at a con- 
stant speed for either of the governors 
A, B, or C (Tig. 220). 

Loaded Governors.— It has been 
seen that the simple pendulum gover- 
nor is unsuitable for high speeds, 
because the difference of height \ 
for a given change of speed, rapidly 
becomes too small, as the speed of 
rotation increases, to be of practical service in giving motion to the 
steam-regulating mechanism. 

If now a weight be added which increases the load on the governor, 
but does not increase the centrifugal force, then a large movement 
of the sleeve may be obtained with a high speed of rotation, and at 
the same time a much more powerful type of governor is obtained 
than when no central weight is used. 

A loaded governor running at a high speed may be constructed 
with comparatively small rotating weights, because the centrifugal 
force increases as the square of the number of revolutions and only 
directly as the weight of the balls, and the centrifugal force there- 
fore rapidly increases with the speed. 

Tig. 221 is a drawing of a model of a Porter governor with which 
many useful experiments may be made, and which serves to illustrate 
the principles involved in governor design, including the values of 
T for varying positions of the balls, and for varying weights on the 
sleeve, from which the corresponding speed may be calculated. 

In a Porter. governor as illustrated by Tig. 222, it will be seen that 



GOVERNORS. 


205 


■felao load on the sleeve does not itself add anything to the centrifugal 
f oi?ee, though it necessitates the generation of a large centrifugal force 
iix -tlie rotating balls before the load on the sleeve can be moved. 



If a loi^d had been put on the bails as in Fig. 223, then the vertical 
Tnovement of the balls and the sleeve would be equal, but in Fig. 222 
•bine vertical movement of the central load is twice that of the ball. 

4 

¥ 

Fig. 222. 

Ije“b X = the velocity ratio of the vertical movement of the load L to 
■bine vertical movement of the ball W. 

Then the moment F^ of the centrifugal force of the rotating ball 
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has to balance the moment, not only of its own weight (Wr), but also 
its share of the central load. Thus, referring to Fig. 223, if the 
central load were attached to the governor as shown, then each 

weight W would carry half L, and the value of F = ( + 2 } 

But since in the Porter governor the central load is moved through 
a vertical distance = K times that moved through by W, then, by 
the principle of virtual velocities — 

"'=(w+4)j 


But in practice it is usual to make K = 2 ; 

then F = (W + L)^ 

But F also = , where W = weight of one ball ; from which 

we have — 


n == revolutions per second 

\ VV/i 

Comparing the value of n here given for the loaded governor with 
the value of n given for the simple governor, we have the ratio — 


JL /(W. + L)^ . 1 /i 

27rV WJl ’ 27^ I 
or as VW + P ' v^W 


The equivalent value of h in feet for a loaded governor, where the 
central load L has double the vertical movement of the ball, may 
also be written thus : 


h 


W + P . . g 
■ W ^ 0)- 
W + P g 

W ^ 7 27rN y 
V 60 y 


These same results, and 



many other useful facts connected with 
governors, may be shown graphically, as 
will now be explained. Let the triangle 
abc, Fig. 224, represent the triangle of 
forces acting at the centre of the ball of 
the governor when the governor is at rest ; 
ah = weight of ball ; he = horizontal pres- 
sure of ball against point of rest as shown ; 
and ac = tension in arm, all to the same 
scale representing pounds. 

When the governor begins to rotate and 
to increase in speed, the centrifugal force 
gradually reducing' the amount of the 
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are equal, alter wiucJi any further increase of speed will cause the 
ball to move outwards along the arc cd, say to T ThTn adT^ Se 

Srfo\ ttTcX * Fs^nJ Ct IfLr ’ “ H 

ab is still the weight, and 6/ to the same scale = 


UU 1 ^ uue weignt ana 0/ to the same scale = P. If «<, and ad are 
the two extreme positions of the governor arm, then the sS corre 
sponding to these positions can be calculated from the values of P 
given respectively by be and bf to the scale of pounds • and Jkin- 
for r the values be and de to a scale of feet— ^ ’ » 

JF = WrN^ X 0-00034 

i 7 to the same scale 

— 'w^Gi^iiti of CGHtroil lo 3 )(i L on nc in j. 

The 4ole value of L is ’ 

taken, and not half L, for rea- 
sons explained above. Then, ‘ A° i 

when the speed of the gover- ' 

nor generates a centrifugal // j ^ 

force = he, if there were no ' ti 

central load, the governor ^ i 

ball is just about to rise, and / / ' ' 

to make an angle greater / / i i 

than, cah with the spindle ah. / i i 

But, with the central load L / / ( ' 

and the speed as before, the / / | 1 

centrifugal force he = d/; the / ( | 

effect is equivalent to the / J | 

arm ae lying in position af. / / J ! 

Produce ae to meet de in e. / I ^ 

Then de is the centrifugal / J I 

force which must be obtained / J J 1 

from the rotating ball before. / I ) I 

the governor will begin to / / ,' | 

move from its position of / • / i ' 

rest, d/ being the centrifugal / / . i' I 

force to balance the weight / / i 1 

of the ball, and fe to balance / ! 1 

the central load. ^ i ^ ^ ^ ^ 

If ag be the position of Fig. 225. 

the outer limit of the arm, 

and, if ag be continued to m, then dm, measured from the diagram 
to the same scale of pounds as ah, is the centrifugal force necessary to 
place the governor arm in this position, and the range of speed of 
the governor may be calculated, knowing the values of F in pounds, 
namely, de and dm for the respective positions of the arm. 

In Fig. 225, eh = F^, and ed = F 2 , these being respectively the 
centrifugal force without and with central load when the ball arm 
makes the angle eah with the spindle. - But F varies as the square of 
the speed (N) ; then — 


Fig. 225. 
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Fi : F2 : : 

and ch : ed : : ah : ad 

: : W : W + L 

NirN^:: ^/W : VW + L 

Similarly, Jcb = Fg and = F4, these being respectively the 
centrifugal force without and with a central load, when the ball-arm 
makes an angle gah with the central spindle. 

From the values of F so obtained, the values of hT can be deter- 
mined for any proportions of weight to central load. 

If the central load be increased or diminished by an amount = w, 
then the change of speed ISTj to for a given position of the governor 
arm is obtained from the ratio — 

Ni : Ng : : VW + L : 

Sensitiveness. — The sensitiveness of a governor may be defined as 
the ratio of variation of speed % — Wg to mean speed n, where 
and Wg are the range of speed permitted by the governor, and' the 

sensitiveness per cent. = ~ . "I - ?? X 100. 

n 

Taking this definition of sensitiveness, and neglecting the effect 
of the friction of the governor, and the working parts connected with 
it, it will be found that the addition of a central load has theoreti- 
cally no effect upon the sensitiveness of a governor, though since, in 
practice, the friction of the governor and its gear may be considerable, 
the sensitiveness of the loaded governor is actually much greater 
than that of the unloaded one. 

Thus, if the range of speed of a governor of the Porter type, but 
unloaded, be from 60 to 70 revolutions, then, if a central weight 
= 8 times the weight of one ball be added to the central spindle, we 
have, for the speed of the governor in the lowest position — 

Ni : Ng : v/W : VW + L 
60 : Ng : VI : 
or Ng = 180 revolutions 
and for the, highest position of the ball — 

70 : Ng Vl : V9 

or Ng = 210 revolutions 

That is, with the unloaded governor the sleeve moved through its 
full movement between the speeds of 60 and 70 revolutions, while 
the loaded governor gave the same movement of the sleeve between 
the speeds of 180 and 210 revolutions. 

Applying now the above formula, we have — 

(1) 70 - 60_. . 

^ ^ — 100 = 15*38 per cent 

06 

(2) 210 - 18 0 20Q ^ ig.gg j. 

195 

That is, the sensitiveness is the same in both cases when friction is 
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omitted. But when friction is included, the loaded governor is the 
more sensitive type, because the friction is a smaller proportion of 
the total forces acting on the governor when loaded than when 
unloaded. 

About 2 per cent, variation of speed of the engine is the practical 
limit of variation with good governors. A less percentage than this 
requires a very large flywheel. 

Diagram of Forces for the Porter Governor. — Fig. 226 shows 
a Porter governor with another form of the diagram of forces drawn 
for the two limiting positions of the balls. The object is to find the 



centrifugal force F at these two positions, and to find therefrom the 
maximum and minimum speed of the governor. 

In the example taken, the weight W of each ball is 3 lbs. ; the 
central load L is 40 lbs. ; in the lowest position the radius r 

= highest position r = ft. 

i A 1'^ 

In order that the system of forces acting on the lever BD joining 
the ball and sleeve may be in equilibrium in any position of the 
governor, the resultant of the forces acting upon it must pass 
through its virtual or instantaneous centre of rotation. 

Produce the lines AB and ED to meet in O. Then 0 is the instan- 
taneous centre, and the resultant of the weights and centrifugal force 
acting on this side of the governor must pass through the point 0. 

P 
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The vertical resultant = W + 7 ^, and this force RG is set down 

to any convenient scale from the horizontal line through B. The 
position of this resultant of the vertical forces is obtained by dividing 

the horizontal distance be- 
tween the verticals through 
B and D in the propor- 
tion of the weights acting 
through B and D. In the 
present case BR = 1^ of 
the horizontal distance. | 

The centrifugal force is 
horizontal, and may be 
taken as acting through the i 

centre of the ball B. The I 

resultant of the centrifugal ^ 

and vertical forces must 
act through 0. Join RO ; 
and from G, the extremity of the vertical resultant draw a horizontal 
to meet RO or RO produced in K. Then GK is the centrifugal force 
required in pounds to the same scale as the scale of weight in RG. 

From this the number, of revolutions required to balance the governor 
in this position may be at once calculated as before. 

A similar process is adopted for the other position of the governor 
shown. The centrifugal force is again determined, and the speed 
obtained. 

Thus the range of speed of the governor is known.. 

In the present example, in the lower position, the force F = 27*2 
and the revolutions IST = 260; in the higher position, F = 42*3 and 
R = 290. The same result is shown by drawing the vertical line of 
Fig. 227 to the scale of weights, namely, "W = 3 lbs. and L = 40 lbs., 
and drawing lines from the apex parallel to the arms of the governor ; 
then the horizontal line completing the figure for any required 
angularity of arm gives the value of F when measured with the same 
scale as the line of weights. 

Stability of the Governor. — governor is said to be stable or static 
when it maintains a definite position of equilibrium at a given speed ; 
it is said to be unstable or astatic when at a given speed it assumes 
indifferently any position throughout its range of movement. The 
condition of stability is that F must increase more rapidly than r 
when the ball moves outwards. 

If F increases or decreases proportionally as r increases or decreases, 
then the speed n is constant for all positions of the ball. 

In the diagram (Fig. 228) the governor ball is shown in three 
different positions, with radii de, /Z>, and gh respectively. If ah be 
the common scale of W, the weight of the ball, then the triangles 
acb, afh, and aih are respectively the triangles of forces, and cb, fb, 
and ib respectively are the centrifugal forces for the positions d, /, ‘ 

and g of the balls. | 
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la Fig. 229, if tho governor ana were made to slide in the cap at 
a, then the centrifugal force F would vary as the radius r, and the 



lengths dr, cr, and hr r(!.sp<‘cti\'ely i-epresent both the radius »• and the 
centrifugal force 

To conijiaro these two cases, h'igs. 22H and 229, by plottino- the 
results and sup(!ri>osing tlnun, let, Kg. 230 he constructed, makin<^ 
the or(linat<^H ~ and tlic aUntUBHa^ = n ^ 

We shall the.ri have for Fig. 229 the 
lin(^ joining the intcu’HecttionH of F and r 
a straight line, nanu^ly, OS, Jiut for 
Fig. 228 we noticie that the values of ^ 

F and r when plotted do not coincide 
with the straight linc^. Thus, for the r 
position / of the ball (Fig, 228), fh = 

F = r ; but for position d of the ball, 
da^ the radius, is less than eh^ the centri- 
fugal forcie ; also gh^ th<5 radius, is o 
greater than «7;, the ccuitrifugal force. 

Let on, (Fig. 230) = I'adius de (Fig. Pio. 230. 

228), and let njO (Fig. 230) = centri- 
fugal force rh (Fig. 228), am I so on for the other points. Then tlie 
line joining the r(*Hp(Kd/ive intersec^tions will bo a curve of the form efg. 

The relation which ihe tturve cfg bears to the straight lino oS, 
drawk from the origin o is important. Thus, since the values of 
F for the curve efg increase more rapidly than tlie values of r, the 
curve is steeper tlian t.he straight line oS, in which F varies as r. 

The angle made by a tangent to the curve cfg at /, with a line (of) 
joining the point of contact / to the origin o, is a measure of the 
stability of the governor. 

If the curve efg coincide with the lino oS, then the governor 
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would be in neutral equilibrium. If the curve crossed the line oS 
in the other direction — that is, if the tangent to the curve made a 
less angle with the horizontal than the line joined to the origin c, 
then the governor would be in unstable equilibrium. 

Power of a Governor. — The power of a governor is measured by 
the work done by the governor in lifting through its full range of 
movement, and it is equal to the. mean centrifugal force exerted 
multiplied by the range rg — in feet through which the force acts in 
moving the governor through its full range. 

The power of a governor, and the effect upon the power of 
additional loading, can be well seen by plotting a curve with P for 
ordinates and r for abscissae. 

Such a curve can be plotted for an actual governor, or it may be 
constructed from data obtained from an outline sketch. 

Let rj, ^ 2 , rg, etc. (Pig. 231) be the path of the ball of a Porter 
governor. Let W = weight of one ball and L = central load. Pirst 

suppose the governor un- 
loaded ; that is, L = 0, and 
draw a curve db (Pig. 232), 
by plotting the respective 
values of P and r. 

The value of P in pounds 

T 

= 2Wt- which includes the 


Z) 

.J 


% % % 

Fm 231. Fig. 232. 

effect of the two balls ; and r is drawn to a convenient scale of 
decimal parts of a foot. 

Next draw a curve cd, which is obtained by including the effect 
of the central load. Here P = 2(W + L)^. 

It is usual to estimate the centrifugal force P of one ball only when 
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considering questions of speed and rotation, lift of sleeve, and so on ; 
but double the value of F must be taken for the effect of the two balls 
when considering the power of th(^ governor. 

The area rjah\i si lows th(^ work done hy an unloaded governor in 
moving through its full rang(‘. 

The area Ticdr^ rc'prisstmts th(' work done by a loaded governor in 
moving through ihe sanu‘ rang(^. 

The increase of powtT by iniu-east^ of central load is thus very clearly 
seen. 

Friction of a Governor. — Hith<M‘to tlui effect of friction on the 
governor has lieen nogI(‘ctt‘d, and its movements havt^ be(ui considered 
to be ptu'feetly frec^ from any disturbing (‘ffects. But in practice, if 
F = the centrifugal foriH^ whicdi would cause 
the governor to risti if wm-o no friction, 

a further forci^ / is nec(‘HHary Ix^fore any rist^ 
of the govmmor actually ocinirs in order to 
overcome the fri(!tion of tlu» moving parts, 
and th(u*i‘fore a ciu’tain range of spiHid tak(\s 
plac(^ diuj to the r(*spt‘ctive (unitrifugal forces 
F and F 4*/, but without any corresponding 
rise of tlu^ gov<U‘nor. 

Similarly, in tlu^ downward <lirocti()n, the 
spCHul of the governor may change accjom- 
jiauied by a corresponding change of force 
from F to F — /, but without any changes of 
|)osition of the governor owing to the resist- 
ance due to friction. 

The amount of the friction, or, in other 233. 

words, of the upward |)ull, due to a change 

of speed of the governor, but without a corresponding rise of the sleeve, 
may be determimxl either graphically or numerically as follows. 

In Fig. 233, if the angle aoh is the configuration of the governor 
arm, ah - F, cd == F + /, cK = /. The problem is to find w, which is 
the resistance du<^ to friction when the speed rises from N, namely, that 
due to F, to Ni, namely, that due to F +/. 

Then ah : rd : : F : F +/ 
and F : F +f::W: 

W : Nf : : W : W + ^(? 

Ni'^ — __ (W + w) — W __ to 

W W 

10 = W ^ for one ball 

= 2 W ( for two balls 

Example.— Find the pull on the governor sk^eve wlien the governor 
ball weighs 5 lbs., and the speed changes from 100 to 120 revolutions 
without any lift of the sleeve. 
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w 


= 2x5 


^ 20 '' - 1002 \ 

V 100‘' ) 


= 4*4 lbs. 


The effect of friction in increasing the total range of speed of the 
governor may be well shown by the diagram first proposed by Mr. 
Hartnell. 

In the Fig. (234) for any governor, neglecting friction, the curve ah 
is drawn so that any vertical ordinate = F at radius r. 


S 



Take aliy point c on this curve ; then the centrifugal force = F, 
and the radius org being known, the speed at c can be found from — 

F = 4:7rn“r ~ 

g 

But when F varies as r, n is constant; and oc is a line of constant 
speed of rotation. Also the lines drawn from o to a and from o to h 
are lines of constant speed. of rotation, and they represent the range 
of speed of the governor in moving through its extreme positions 
or I to org, when friction is neglected. If now friction lines be added, 
gf being drawn = F + / for each position r^rg, etc., when the balls are 
moved outwards, and de is drawn = F — / when the balls are moved 
inwards, the total range of speed of the governor is now given by the 
lines od and of, which, it will be seen, is much greater than before. 

If oR be taken = 1 ft. to scale, then a scale of speeds may be drawn 
on the vertical line RS by calculating the value of F for certain 
speeds as 100, 120, 140, etc., and setting up the values of F found on 
tlio line RS, and joining to the point O. These points are then 
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marked with the number corrcHpnndiiig to the revolutions used in 
calculating^ F. 

Isochronism.-— Wh(^ii a ^i^overnor is so desi^med that the height li of 
the cone of nivolution of the balls is constant for all positions of the 
balls (see Fig. 229), th<‘.n the speed n is constant throughout the full 
range of movement of tlu^. governoT*, TiegU'cting friction.. The governor 
is thtm said to be isochronomt, that is, it runs at an equal speed in all 
positions. 

In such a case F vihvwn directly as r, for* — 

W 

Jf r: 47rV;*— “ 
il 

and all the factors bu<» F ami r are constant. 

llehu-ring to Figs. 2»1() or 224, it will ))e H(ien that the curve of such 
a gov(n‘uor is a sti’aight lin<^ radiating from the origin o, and it will 
be evident that sucdi a governor will bo in neutj*al etpiilibrium ; also 
that it does not obey i\w condition of stability, nanudy, that F must 
in<;r(wiso more (puc-kly than r as th(^ gov(u*nor rises. 

Hu(di a governor would be too sensitive, for the engine driving the 
governor would first incrcuist^ in speed until it readiocl the speed due 
to the governor, after which th<^ Hhght(‘.st increase would cause the 
l)alls to fly to the i‘,xtr(uu(' position and the governor to cut off steam. 
The engine would then slow down, whetv the balls would suddenly 
fall to the other extreme position, and the steam-Hupply be opened 
wide. This effect of coiitiiiual fluctuation above and below the mean 
speed is called “ hunting/^ In practice it is somewhat reduced by 
the friction always present in a governor gear,, and it xnay be further 
reduced by the addition of a dash-pot or by means of a spring, which 
is arranged to cause F to increase somewhat more quickly than r. 

If the governor balls move 
in a paral)olic path, then 
they fulfil the coixdition of 
isochronism, namedy, that h 
is constant. 

Thus, it is a property of 
the parabola (Fig. 225) that 


Fro. 2B5. Fin. 230. 

the subnormal ah = li in constant for all positions of the weight "W on 
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the parabolic Surve XY, so that if W move in a parabolic path, the 
height 7i will be constant. 

An approximate equivalent to this is obtained by the use of the 
crossed-arm governor ; and by suitably choosing the points of sus- 
pension a, a of the arms, as in Head’s governor, Fig. 236. 

If the points are chosen so that li is approximately constant, then 
the governor is in neutral equilibrium. If, however, the points a, a 
are taken nearer the axis than in the previous case, then the equi- 
librium is stable ; but if further away from the axis than in the first 
case, instead of nearer to it, then the equilibrium becomes unstable — ■ 
that is, the height h of the cone of revolution becomes greater, and 
not less, as the speed increases. 

Spring governors can be made isochronous, if desired, by so adjust- 
ing the spring that the initial compression in the spring bears the 
same ratio to the total compression that the minimum radius of the 

balls bears to the maximum 
radius. The spriug is usu- 
ally made a little stronger 
than this to give stability 
to the governor. This point 
is referred to later. 

Fig. 237 is a drawing of 
a Hartnell automatic vari- 
able expansion governor for 
regulating the travel of an 
expansion valve working 
on the back of a main 
slide valve, the travel being 
regulated by the movement 
of the lever A in the slotted 
link B. As the speed in- 
creases the governor raises 
the position of the lever A-, 
and the travel of the valve 
is thereby reduced. This 
governor is capable of very 
close regulation, and when 
the speed exceeds a given 
number of revolutions, the 
steam supply may be en- 
tirely cut off. 

The Proell Governor. — 
Fig. 238 consists of two in- 
verted ball-arms which are 
suspended by the curved 
bell crank levers LL from 
the pins CC. The centrifugal force of the balls is counteracted by a 
powerful spring S, which takes the place of a weight. 

On the engine reaching a certain speed, which is determined by 


I 
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*tlxe initial compression in the spring, the balls move outwards, and 
“fclxe sleeve rises from its bottom position, as shown in the figure, 
■towards the highest 
I>osition, shown dotted. 

The points AA, at 
"vvliich the ball-arms 
ctire pivoted, are chosen 
oxitside the centre lines 
of the arms, and in 
s\ich a position that 
tlie centres of the balls 
sbs they open move 
^ery nearly in a hori- 
zontal plane. This go- 
■wernor may thus be 
xnade as nearly iso- 
olironous as desired by 
naaking the centrifugal 
force of the balls in- 
orease or decrease in 
■blue same ratio as the 
oompression of the 
spring. 

The figure also shows 
■blie mode of application 
of an auxiliary spring 
IE to vary the speed of 
•tiie engine while run- 
xiing. The spring rests 
in a sleeve, F, which is 
pivoted in a bracket 
€tt K. The point P at 
fhe upper end of the Fig. 238. 

auxiliary spring is 

made to move as required along the groove shown in the lever QR 
Iby means of the screw W ; the effect of the movement of P in the 
groove in the direction towards the centre of the governor is to 
further compress the spring E, as well as to increase the leverage of 
■the spring about the centre R, and thus to assist the outward move- 
ment of the balls and reduce the speed at which the governor begins 
to act. 

Fig. 239 is a sectional drawing of the well-known “ Pickering 
governor, fitted also with a stop-valve A in the same casting as the 
•valve of the governor. In the Pickering governor, the ordinary arms 
are replaced by flexible sheet-steel strips, to which the balls are 
attached, and which bend outwards by the outward tendency of the 
tails as the speed increases. This bending of the strips causes 
the upper cap on the top of the spindle^ to press the spindle down- 
wards, and to tend to close the steam-passages % the equilibrium 
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valve V at the bottom of the spindle. The speed at which the 
governor may be made to act is regulated by a spring S, which is 



Fig. 239. 


equivalent to regulating the load on the spindle, the spring actuating 
a forked lever resisting the downward movement of the valve spindle. 

The Shaft Governor. — To secure regulation of the speed by auto- 
matic cut-off in quick revolution . engines, and to obtain a governor 

sufficiently powerful for the 
purpose, it is usual to use 
what is known as the shaft 
governor. The construction 
of this type of governor will 
be understood from the dia- 
grams which follow. The 
mechanism of the governor 
is usually arranged to work 
Fig. 240. in a pulley keyed to the 

engine crank-shaft, and it 
thus rotates at the same speed as the shaft. The movement of the 
parts of the governor depends, as usual, upon the change of centri- 
fugal force of rotating weights on change of speed of the engine. 
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TliGiG <11 G niciiiy cliffcrGiit dGsigns for trajisforriiig tli6 TnovGniGiit of 
the balls to the valve gear for the purpose of regulating the cut-off ; 
but a siniple form consists of an arrangement as shown in Fig. 
240, where A is the eccentric from which the slide-valve of the 
engine is^ worked. The governing of the engine is done by varying 
the position of the eccentric centre relatively to the centre of the 
shaft, find thus varying the travel of the slide-valve. 

The eccentric is slotted as shown, so as to permit of a radial 
movement of the eccentric arm about some convenient centre C, the 



effect of which is to give the required change of position of the 
centre of the eccentric disc relatively to that of the crank-shaft. 

In Fig. 241, which is an outline sketch of a shaft governor, the 
rotating wheel D is keyed to. the engine shaft, and the weights E, E 
are pivoted to the wheel at F, F. The weight levers are connected to 
the eccentric arm at G, and when the speed increases, the weights 
move outwards about the centres F, F by centrifugal force, and cause 
the eccentric disc to move across the shaft by means of the levers as 
shown. The springs resist the outward movement of the balls, and by 
means of the springs the speed at which the governor acts is regulated. 

The effect of the movement of the eccentric disc across the shaft is 
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similar to that which happens in an ordinary Stephenson link motion, 
when the link is moved from the end to the middle position, and 
which has already been described in connection with the link motion. 
But the subject may here be considered a little further. 

In an automatic cut-off gear arranged to vary the travel of the 
valve by an adjustable eccentric, when the path of the eccentric 
centre is a straight line at right angles to the crank, as in Fig. 242, 
the lead ed is constant for all positions a, h, c, or d of the eccentric, 
where circle of radius oa is the maximum travel circle, and oe is the 
radius of the lap circle. 

When the path of the eccentric centre is on an arc ad, concave 
towards the crank-shaft centre, as in Fig. 243, then the lead increases 




as the eccentric moves nearer to d in the arc ad ; that is, the lead is 
greatest at the minimum loads. 

When the arc ad is convex towards the crank-shaft centre, as in 
Fig. 244, then the lead ef is a maximum at full load, and decreases 
to ed, a minimum, at the light loads. In this case the lead may be 

reduced to zero, or a minus quantity at 
mid-position. The arc of movement of 
the eccentric centre depends upon the 
point of suspension of the eccentric 
arm of the governor. 

Generally speaking, the condition of 
constant lead, as in Fig. 242, would be 
preferred, but each type has its own 
special advantages. 

Fig. 243 represents the conditions 
which obtain in most ordinary link- 
motion engines, where the lead is 
greatest at light loads, the increasing lead securing a sufficient port 
opening to maintain the initial steam-pressure as high as possible to 
obtain the full benefit of expansion, the power being kept down by 
a large compression. 

Fig. 244 is exceptional, but is preferred by some engineers. In 
this case a reduced port opening at light loads reduces the initial 
steam pressure by .partial throttling, and a large expansion is sacri- 
ficed to reduced range of stress on the piston. 
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If the point of suspension of the eccentric arm, instead of being on 
the centre line XY, is chosen in some position, A, as shown in Eig. 
245, we then have a compromise between the conditions already 
described, and the same lead may be obtained at both maximum and 
minimum loads, with a somewhat larger lead in mid-position. 

The various points of port opening, cut-off, release, and compression 
for any position of the eccentric centre on the arc ad may be found, as 
already shown in Figs. 85, 88, and 90. 




Springs. — The law of the helical spring is that equal increments of 
lofid give equal increments of extension or compression, within certain 
limits. 

This may bo represented by a diagram (Fig. 246) where the base- 
line is the lino of extension and the vertical lines the loads producing 
the extensions. Then it will be found by experiment that the line 
joining the upper extremities of the load-lines is a straight line, the 
extensions being in units of length, and the loads in pounds. 

The load required to extend the spring per unit of length — say 
1 inch — is a measure of the strength of the spring. Thus la is the 
strength of the spring, being the load required to extend the spring 


1 in. 

The load required to extend the spring 2 in. is twice that required 
to extend it 1 in., and so on. Similarly, we have seen that at con- 
stant speed of rotation 
centrifugal force varies 
directly as the radius, 
and a -similar figure to 
Fig. 246 may bo used to 
represent the uniformly 
increasing centrifugal 
force as the radius of 
rotation increases, the 
T*evolutions remaining 
constant (Fig. 247). If, 
therefore, the revolving 
weights of a governor are held by springs so designed that the tension 
of the spring is equal to the centrifugal force at all positions of the 



Fm. 247. 


Fig. 248. 
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balls, then Figs. 246 and 247 may be combined (Fig. 248), and in such 
a case the governor is isochronous. 

Example. — A ball weighing 20 lbs. revolves at 250 revolutions per 
minute. Find the strength of spring required to make the governor 
isochronous, supposing the spring to be attached directly to the ball. 

Since, by supposition, the tension in the spring varies with the 
centrifugal force, then, when the ball is at zero radius, the tension in 
the spring is also zero ; and if S = the strength of the spring, that is, 
the pull required to stretch it unit length, then — 

Sr = 0*00034-^ 12 x W x r x N" 


where r = radius of ball or stretch of spring in inches ; 

S = 0-0000284 X W X 
= 0*0000284 X 20 X 250" 

= 35-5 lbs. 

that is, the strength of the spring = 35*5 lbs. per inch of extension. 

Let the mean radius of the rotating weight be 12 in. with a range 
2*5 in. on each side of the mean radius. Then (Fig, 249) oh is the 
mean radius ; and the pull in the spring at this radius = 35*5 x 12 
= 426. Set up he = 426 lbs. Then for all other positions of 

the rotating weight, since the value of IST is assumed constant, the 
centrifugal force and the pull in the spring at any radius will be 
given, by joining the line oe through the origin o, and measuring • 
the vertical height as at ad, ef to the same scale as he. The line 
ad = 9*5 X 35*5 = 337*25, and the line cf ^ 14*5 x 35*5 = 514*75. 

So far we have considered the strength of the spring for an isochronous 
governor, or one running at constant speed for all positions of the 
balls ; but, as before explained, such governors are not desirable, 
being inactive below the speed required, and dying outwards through 
their whole range of movement when this speed is slightly exceeded. 
The friction, however, which is always present more or lesfe in all 
governors prevents absolute isochronism in any governor. 

In practice, a spring 
h is chosen whose strength 
n increases at a rate some- 
' what greater than the 
rate of increase of the 
radius. Thus, -suppose 
•in the same governor 
the strength of the 
spring to be 45 lbs., to 
find the effect of the 
change of spring upon 
the speed for the saine 
range of radius. The 
speed at the mean po- 
sition oh (Fig. 249), 
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namely, 12 inches radius, being the same as before, the centrifugal 
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^ . _ . . the termion of th(‘ spring ara in aquiiihrium, 

force m this positaoxa ^ ^ „a„i,m„„ mdiiiH 

and are equal to 35^0 is now 42(1 - (43 x 2-54 = 3i:!-r. Ihs. = 

the tension in the sp ^ ^ . ^ ^ 


“S'. 


and at the 


= ch ; this represertt-s 

minim um radius ca = 


1 rang(‘. of .sp(iC(l as follows: (1) F<n’ 


I OH 

ilm 


D IIU- 




F 

o-ooo;i4 X W X 


__ ai;^r> 

"~()*{)(){)02B4 X 20 X 
jsr = 241 revolutions per minute 


= 1 4*5 in.‘ 
528-5 
0*0000284 X 20 
200 


X 14- 


X' i \ t‘ 

( i ’ !i_ 


(2) For the maximum radius i>c 
N- 
N 

The variation in speed ncglcctitiK ««' offset <d‘ friction 

- range of s peed ^ x 100 = 7-0 per i-md. 

mean speed. 

Also i/e/t is the line of force with the H|.nmg<*r spring, and it inaken 
with oe an angle oef/, which is a ntea.sur»» of flm slaliility nf the 
governor. 

If the spring is a^ttaolnnl to the w(*ight arm at sonm jH»iut r(Kig. 
250), between the ceiitrci a and tim <*(udiv 
of gravity of the wei^lit h, thtui ih<5 str<‘ng< h 
of the spring mvisti l)o than it at- 

. . <th 

tached directly to tlae l)all in tlio ratio . 

We have so fa-x* conHulm-ed only tlm !'* 

centrifugal force acting in tlu'. goviu-iuir, 
but during a chan.^e of siK^od of th(^ (mgino 
there are other forces Ixisidi^ (-(mti-ifugal 
force acting on fHe gov<u*nor, and whlidi 
will be found to eiflicr opposes or asHist ih(‘ mdion 
force. These forces will now bo hrlidly (tonHidun-d. 

1. Tangential ^cc€*.Ieration.^-li{*i Fig. 251 r(‘proH(*nt a governor disc 
secured to the eng-irie shaft and rotating alnuit the vmtin^ A, and lid 
the ball B be coixrLectod by thc^ arm H(1 tty iht* pivot C on ilit* tliHc. 
Then an increase irL the HptHHl of rotat.ityn tyf ilm tliw will cauHc ilic 
ball B to move oxibwarclH from tln^ ct^ntn^ A by crmtrifugal fiyrt*o. 
But if the centre C of tb<^ ball arm bo pivofed at t in* cmntrt^ of ilic 
shaft, as in Fig. 2152, then, when the dim* in roiaUnl, the t-tuitrifugnl 
force acts radially a.loiig the arm coniKM'ting tht^ ball tty the vimim of 
the shaft, but th.e centrifugal moment ih zero, Hinee tim ]yivtyt tyf tin* 
arm coincides with, the eeutro tyf th<^ nhaft, and the ftyret^ has my idlhct 
for the purpose of regulatityii of HpcHid, 


Fm. 250. 

yf flit* ctmtrifugfil 
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If, however, the speed of rotation of the disc increases, then the 
tendency is for the ball (Fig. 252) to maintain its original speed and 

to lag behind relatively 
to the disc, which is 
equivalent to a move- 
ment in the direction 
of the arrow D, or in 
the direction opposite 
to D if the speed of 
rotation of the disc de- 
creases. This move- 
ment of the ball rela- 
tively to the disc and 
in a direction tangen- 
tial to the path of the centre of gravity of the ball, is the result of 
the inertia of the ball producing tangential acceleration. 

In the case of Fig. 251, the moment about C of the force pro- 
ducing tangential acceleration is zero whatever the change of speed, 
because the line of action of the force passes through the pivot. 

In Fig. 252 this moment is a maximum. In intermediate positions 
the moment of the force producing tangential acceleration is equal to 
the force multiplied by the perpendicular distance CD, between the 
pivot C, and the tangent to the circle drawn from the centre of 
rotation, and passing through the centre of gravity of the weight. 

This force may be made to assist or to ojpjpose the centrifugal force 


Fig. 252. 



according to the position of the pivot of the ball arm in relation to 
the centre of gravity of the weight. Thus, if in Figs. 254, 255 the 
disc is rotating clockwise as shown, then in Fig. 254 the moment of 
the tangential force acting during increase of velocity of the disc 
= P X CD, and it acts so as to supplement the centrifugal force, and 
thus to make the governor more prompt and rapid in its movement ; 
in Fig. 255, with the position as shown, the tangential force acts to 
oppose the centrifugal force, and thus to make the governor more 
sluggish. 

2. Angular Acceleration .- — ^Another form of accelerating force which 
is capable of useful application in the shaft governor will be understood 



aov7i:R/voA\9. 32 ^ 

from the illnstrai.ion (Fi^^ 250). At iho oiul of the arm AB, which 
is supposed to he I'i^ndly attached to the ’ 

shaft at centre A, lot. tlu^ Wiu\dd. at the (md .B 

1)(^ distril)ut.(Ml in tli(‘. foi*m of a l>ai‘, 01), 

insiea,(l of h(‘in,<jj cotici^nf. ratted in tlu^ form / c-OX 

of ;i ))all at ih(^ ceni-rc^ of ^ravit.y B ; and let / \ 

th(^ bar (-I) h(efr(^<^ to mov(^ about th(^ c(mti'(i B. b 

Th(ui, if the shaft, to wliich AB is rigidly I j 

attaclnul is I’otated alxuit. tlu^ <*enti‘e A at a \ '"O/ 

hi^<h V(h>cit,y and ih<m smhhmly stopjxHl, the \. ^ 

kiiietie enei*^^y in the ])alls (.5 and I) will cause 
the ai*in OD to spin round tlu^ centre B. l?rn. 250 

Similarly, if durin^^ th(^ rotation of the shaft 
.t,ho rate of rotation should suddoidy incroaso, o%'ou slif<htly, then 


i 



Fio. 257. 


(liiriu^^ the change of speed the arm tends to lag behind momentarily 
until the speed has again l)e(*ome uniform ; or, vice versd, if the 
speed of the shaft decreases, the arm tends to maintain the same 
rate of rotation, and thus to move about its centre B with a greater 
angular v(do(;ity than th(^ shaft A. This property of the bar 
when centred at B has been termed angular inertia^ and it has 
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recently been successfully applied as a supplement to centrifugal 
* force for the purpose of increasing the sensitiveness of the shaft 
governor. 

Fig. 257 illustrates a very successful governor made on this principle, 
and known as “ Begtrup's shaft governor,” made by Messrs. Browett 
and Bindley, of Patricroft- 


CHAPTER XV. 

TURNING EFFORT IN THE CRANKSHAFT. 

As has been already pointed out, it is important, for steadiness of 
running, that the turning effort in the crank-shaft should be as 
uniform as possible. But in practice, the conditions are such that 
the turning effort varies more or less considerably during each half- 
revolution of the crank. The nature and extent of the variation, 
and the means adopted for reducing it to a minimum, will now be 
described. 

The causes producing variable turning effort are — 

1. The variable pressure of the steam acting on the piston. 

2. The mechanical combination of crank and connecting-rod which, 
even with a uniform steam-pressure on the piston, results in a variable 
turning effort on the crank-pin, the variation ranging from zero to a 
maximum twice every revolution of the crank. 

3. The inertia of the reciprocating parts of the engine,^ including 
the piston, piston-rod, cross-head, and connecting-rod, which absorb 
power in acquiring velocity during the early portion of the stroke, 
and restore it while being retarded • during the later portion of the 
stroke. 

The means employed to reduce the variable turning effort in the 
crank-shaft, or to modify its effects, are — 

1. The combination of engines wmrking on separate cranks in the 
same shaft, the cranks being so disposed that the mutual variations 
in the separate cranks correct each other when in combination. The 
number of cranks employed in practice may be one, two, three, four, 
five, or more, and the more numerous the cranks the more uniform the 
twisting moment at all points in the revolution of the shaft. 

2. The adjustment of the points of cut-off and compression to the 
speed of the engine. 

3. The use of the- flywheel. 

It will be necessary, before proceeding further with the subject, to 
consider the relation between the respective velocities of the piston 
and crank-pin. 

Piston and Crank-pin Velocities. — Neglecting the obliquity of 
the connecting-rod. Take any point P (Pig. 258) to represent the 
position of the crank-pin when crank of radius OP moves about the 
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centre 0. Assume that the crank-pin P moves in its circular path at 
a uniform velocity V in feet per second. Set off PV at right angles 

to OP, or tangential to the circle at point 
P, making PV equal in length to the 
velocity V of the pin to any scale of feet 
per second. 

This velocity Y, in a direction tangential 
to the circle, may "he resolved into com- 
ponent velocities, Pa horizontally, and P6 
vertically. 

Draw the perpendicular PIST to meet the 
horizontal diameter. Then angle &PV = 
angle PON = 0 ; and Pa = Y sin ^ ; and 
P& = Y cos 0. 

But when OP is drawn to scale to re- 
present in units the velocity of the crank- 
pin (which is assumed uniform), then the perpendicular PN = Y 
sin 0, and ON intercepted between the perpendicular and the centre 
O = Y cos 6 ; and thus for any position P of the crank-pin, PN = 
Pa = Y sin ^ = the horizontal component of the crank-pin velocity = 
the velocity of the piston. 

Relative Velocities, including Obliquity of Connecting-rod. — In 
Pig. 259, let 0 be the centre of the crank-pin circle, with radius of crank 
OP, and PN the length of the connecting-rod. The point N is the 
position of the cross-head pin, and relatively also of the piston. To 

find the relative velocities of 
crank-pin and piston with a short 
connecting-rod, PN, find the vir- 
tual centre or instantaneous axis 
about which the connecting-rod 
PN is moving for the given posi- 
tion OP of the crank, by drawing 
lines PA and NA normal to the 
direction of motion of P and N at 
the moment considered. Then the 
point A is the virtual centre re- 
quired, and the relative velocities 
of P and N are proportional to 
the virtual radii AP and AN respectively. 

The same result may be obtained by producing the connecting-rod 
NP to meet the perpendicular through the centre O in C. Then the 
triangles APN and OPC are similar, and AP : AN : : OP : 00. In 
other words, if OP = velocity of crank-pin, then the intercept 00 = 
corresponding velocity of piston for position OP of the crank. 

Polar Diagram of Piston Velocity. — The velocity of the piston at 
each point of its path throughout the stroke may be represented by a 
curve as follows: Pirst draw a circle with radius Oa = assumed 
constant velocity of the crank-pin, and, as shown in Pig. 260, draw the 
connecting-rod for various crank-positions, a, 6, c, cutting the vertical 
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centre line at points 1, 2, 3, etc. With radius 01, 02, 03, etc., transfer 
these distances on to their respective ci*ank positions a, h, c, etc., and 
join the points so obtained by a curve. 

If the obliquity of the connecting-rod had been neglected, this curve 




would be a circle, but it will now be seen to be an irregular figure 
extending beyond the crank-circle for a short portion of the crank-path. 

With a short connecting-rod, the point of maximum velocity of the 
piston is as nearly as possible that at which the crank and con- 
necting-rod are at right angles ; in other words, where the centre 
line of the connecting-rod is tangential to the crank-pin path, as at 
OP, OQ (Fig. 261). 

■ The velocity of the piston is the same as that of the crank-pin 
when the crank is perpendicular to the centre line of the engine, and 
again at crank position 06, where the connecting-rod produced from 
h passes through a. The conditions are similar at d and e below XY. 

Between crank positions a and h and d and e the piston velocity is 
greater than that of the crank-pin; in all other positions the piston 
velocity is less than that of the crank-pin. 

At positions of maximum velocity of the piston, namely, at OP and 
OQ of the crank, the velocity of the piston is to that of the crank-pin 
as Oc : Oa, 

Tangential -Pressure on the Crank-pin.— Having considered the 
relative velocities of piston and crank-pin, we will now examine the 
relation between the forces acting through these moving parts. 

First, considering the case where the pressure of the steam is 
assumed uniform throughout the stroke, and neglecting the obliquity 
of the connecting-rod and the inertia of the moving parts. 

In Fig. 262, let AB produced be the centre line of a horizontal engine, 
0 the centre of the crank-shaft, and OA the radius of the crank. Let 
OA also represent to scale the total pressure P acting on the piston 
(supposing the pressure on the piston constant). 

When the crank is in position AO, the pressure of the steam upon 
the piston' has no tendency to turn the crank about its centre O, the 
piston-rod, connecting-rod, and crank being all in one straight line, 
and the whole pressure acts to press the crank-shaft against its 
bearings. When the crank is in position OB, the pull being in the 
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line AB, there is again no tendency to turn the crank about 0. These 
two positions of the crank are called the dead centres. 

For positions 00 and OD of the crank, the whole pressure P on 
the piston (neglecting the obliquity of the connecting-rod) acts at 
the moment in the direction of motion of the crank-pin, and hence the 
whole force is exerted in turning the crank. At this point C, and at 
the opposite point D, the turning moment is a maximum = P X CO. 

From this we see that, even though the pressure on the piston is 
uniform throughout the whole stroke, the turning effort on the crank- 
pin is very variable, changing from zero at the dead centres, to a 



maximum at two points of the I'evolution. Under the conditions here 
assumed, the points of maximum turning effort are when the crank is 
at right angles to the axis of the cylinder ; but when the steam is 
cut off at some earlier point than half-stroke, the maximum^ turning 
effort is somewhere nearer the beginning of each half-revolution. 

At intermediate positions the pressure on the crank-pin is employed 
partly in turning the shaft, and partly in causing an increased pressure 
through the crank upon the main bearings. 

To find the tivisting moment on the shaft due to the pressure on the 
piston acting on the crank at point 0 (Fig. 263). The pressure P, 
acting parallel to AB through 0, causes a twisting or turning moment 
about 0=PxD0 =Px CE. But P is assumed constant; there- 
fore for any point, 0, C', C", of the crank the twisting moment is pro- 
portional to the perpendicular CE, C'E', etc., drawn from C upon AB ; 
and the amount of the twisting moment in inch-pounds = CE, C'E', etc., 
in inches multiplied by P, the total pressure on the piston in pounds. 

The tangential or turning effort acting on the crank-pin, as dis- 
tinguished from the twisting moment acting through the shaft, may be 
found thus : 

If T is the turning effort acting tangentially on the pin, then T X 
radius CO = twisting moment due to turning effort T about O. But 
P X CE is also the twisting moment ; 


therefore T x CO = P X CE 

T = P X — 

jr X CO 

= P sin ^ 
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If the radius CO be drawn ecinal to tlic pi'cssurc P to scaie, 
then — 

r rn o OE 

from I = P X , ' 

CO 

we liavo T = CE 

and this is tru(^ for any pt)sit.ion of the crank. 

Since the twistin<^ moment at. any part of the r(‘VoIution is e({ual tt» 
the tangential (dfort midtipli(‘d l>y a constant ,numh(‘r, naimdy, the* 
len^rth of the crank, th(‘ dia^n'am of tan^^i^tmtial (‘flbrt and the diaj^nim 
of twisting moments ar(‘ tin* sam(% though m(‘asured by a ditlercmt 
scale, tlui one bcung in pounds, and th(‘ oth(‘r in pounds multiplied l>y 
the radius of the crank in ineh(\s. 

Diagrams of Turning Effort on the Crank.—Tlu' facts above state<l 
as to the varialdt' natun^ of thi‘ tangemtial or turniiig ellort on th(^ 
crank-pin during a i*(‘volution of tlu‘ crank may b(‘ well iliusirated by 

diagram as follows : - 

Let th(^ circl(‘ ACPI) re})n‘sent lh(‘ (trank-pin path, and OC Iht^ 
radius of tlu^ crank; and h‘t < )C r(‘pr(‘s(mt to scale tli(‘ j)r(‘ssur(‘ on 
th(^ ])iston (su])i)os(‘(l uniform). Take a number of e(]ual sul)di\ isions, 
C, C'j otc. Th(‘n th(* p(*rp(‘ndicular 
CE on AB for any position ()C ()f ^ 

thc^ crank r(‘pr(‘s<‘nts the turning 
effort on tli(‘ crank-pin at this point. 

From C, C', (do., s(‘t off on the, 
radius OC producusl (listan(‘(‘H OF, 

C'F' (‘(|ual to CE, (J'hy. If^ Uh‘ ('X- / 

tr(nniti(‘s of th(‘S(t limss bt^ Joiiu'd, a 
curve is obtained abovtt and Ixdow / 
the centn^ lim*. which n‘pn‘s<‘nts u , — 
tin; turning (dlort at <tv(*ry part of 
tlu‘, nwolution ; and it will lx* scmmi \ 
th(‘r(‘from in what way tin* turning \ 

(dlbrt vari(»H during on<t rtwolut.ion 
from zero at A and 15 to a maximum 
at C and H. As ]>efore (‘Xplaimal, 
if tint scale of nuvisurcmuMit bt‘. 
multipli(‘d by th(‘ ci'ank radius in 
incht's, the sanu^ diagra,m will stu’ve Eu;. 2(M. 

as a twisting-monumt diagram. 

The dott(Ml cireht drawn from th(‘ ccmt.rxt (), with I’adius OK, is 
the curve of mean ttnajeniial iirenBure^ and it. is di'awn by making 
A.K : P : : 2 : TT, wlauxt P = tiui nunui (dlectiv(t pressurt* on tin* piston 
(n(‘glecting friction). 

Tlui circumfer(mc(^ of tin* circles AGBD (h'ig. 2b4) may lx* unwound 
and the diagram nat up on a straight base*, as shown in Mg. 2br>. ddn* 
straight base M.N is drawn cxjual to tin*, circumf(‘r(*n(;(‘ of the eii-ele 
AGBD (Fig. 264). It is then divided into tlu^ sann* mimb(‘r of (xpud 
parts as the circumference, and distances CF. O'F', etc., set u|i frtnn 




c(‘ut.r-<‘. O, with I’adius OK, is 
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the respective divisions. The curves joining the ends of these lines 
are the curves of tangential pressure as before. 



Fig. 265. 


The mean tangential-pressure line KL is drawn by setting up MK, 
so that MK : P : : 2 : TT. 

It will be noticed that the area MFP'JB, enclosed between the base 
and the curve and shown shade-lined, is the diagram of work done 
upon the crank-pin during a half-revolution of the crank-shaft, the 
ordinates representing the turning effort in pounds, and the base 
representing the distance through which the effort has been exerted ; 
and this area is exactly equal (neglecting friction) to the work done 
upon the piston during a single stroke, as given by the indicator 
diagram. If S = stroke of piston, and P = mean pressure on piston, 

then S X I = path of crank-pin during one stroke of piston, and MK. 

2 

mean tangential pressure on crank-pin, = P X ~ 

PxS.(Px5)x(sxg 

The line KL (Fig. 265) has been called the line of mean tangential 
pressure, but it is also the line of resistance due to the load (assuming 



the load constant) ; for unless the mean effort and the mean resistance 
are equal, there must be a change of speed of revolution of the engine, 
the speed increasing or decreasing as the effort is greater or less than 
the resistance. 

We have seen that, though the resistance is uniform, the effort 
is extremely variable. Thus (Fig. 266), during a half-revolution of 
the crank, and commencing at the point a, the force exerted rises 
above the mean-resistance line KL, and continues above this line 
till the point c is reached, and unless a flywheel is attached to 
the engine to absorb the additional power, the result will be that 
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during the sliort portion cw of the revolution, the driving force being 
greater than the resistance, the speed. of rotation will' increase and 
become a niaxiininn at c. Beyond tlie point c the driving force falls 
below the ri'sistanee, and without a flywheel to restore power to the 
engine, the spec^d will decrease until the point e is reached, at which 
point tlie speed is a niinimuin. 

It will thus bo s(.‘en, though the speed per minute may be uniform, 
that there is much tendency to irregularity of speed of rotation during 
a single rc^. volution. This tendency, however, is very largely corrected 
by the addition of a flywheel, as is explained subsequently. If the 
straight base MN (hig^ 2GG), r(q)resenting the circumference of the 
crank>pin path, he dividcnl into a scale of degrees, then degrees 
to scale r(‘pr(^s(mt tlu^ position of the crank-jhn ])ast its dead centre 
M when tlu‘ velocity of the crank is a minimum, and M7i degrees the 
position of the crank-pin when tlio velocity of the crank is a maximum. 

When tlu^ speiul of the engine is constant, the area ahe is equal to 
the area cde. Wlnm tlu‘ area ahe is greater than the area ede, then 
the sp(Hid is increasing, and 'inre verm. 

Effect on the Twisting Moment of Combinations of Cranks. — For 
several reasons, ii. is important that the twisting moment on the' 
crank-shaft shouhl be as uniform as })ossible, and tliorefore that the 
ar(ias aha a-nd rde (hhg. 2GG) should bo reduced as much as possible. 
The way in which th(\s(i an^as are allected by various combinations of 
niultiplo-cyliiuhn* erngines working on various arrangements of cranks 
is shown by tlui following figurtNs. The steam in the respective 
cylinders is considt^rcKl of uniform pressure throughout the stroke for 
the sake of simplicity. 

Case I. A Angle engine tmrJcmg on a Angle cranlc. This case has 
aln^ady been considered. 

Case II. Two engines loorhlng on the same shaft with cranlcs directly 
opjwsite (Fig. 2G7). 

In this case (‘ach engine is on 
tlie dead centre at tlu^, same time, 
and the points of minimum and 
maximum twisting rnonumt on tlio 
crank-pin coincide. Hence tlio 
twisting stressses in the crank- 
shaft are doubh‘d throughout, and 
the diagram of total twisting 
moments is obtained by adding 
together tlie diagrams of eac.h 
crank as shown in hhg. 2G8. Thus M.hJ) is the twisting-moment curve 
for a single engine: dui’ing a half-revolution, and McI) is the twisting- 
moment curves for the comliined cranks when placed directly opposite. 
Mcll is obtained by doubling tlie ordinates a7>, so that ac ~ 2ah for 
each position along th(‘. circumferential base MN. ^ 

From this diagram (l^^ig. 268), it will be seen that in Case II. the 
stresses vary through a much wider range than in Case L, the range 
in the second case benng from zero to double the maximum stress 
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which obtained in the first case. The line of resistance KL, or of 
mean twisting moment, is raised to twice its former height, and the 

9 


4r 360 *? ;> 

Fig. 268. 

shaded areas egf and dDe represent the energy in foot-pounds given 
up to the flywheel or restored by it respectively, twice every revo- 
lution. 

This arrangement of opposite cranks is sometimes adopted, especially 
in small high-speed engines, with the object of balancing. 

Case III. Cranks at right angles. This is much the most common 
arrangement of cranks in two-cylinder engines, and its advantages in 
reducing the range of the twisting stresses will be 
seen from Fig. 270. 

This arrangement possesses the further ad- 
vantage of enabling an engine to start more 
easily than when the two cranks are opposite, 
for when one crank is on the dead centre the 
other is in the position of maximum turning 
moment, in which position the engine may be 
started easily— unless it should happen that 
steam is cut ofi* by the valve-gear before the 
half-stroke, in which case the engine would 
have to be moved round till the crank was past the dead centre before 
starting could take j)lace. 

Fig. 270 is constructed by drawing first the twisting-moment curve 







Fig. 269. 



1 


as before for one crank, as MED on the half-revolution length MB. 
Then for the second crank the point s, midway between M and B, oi 
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90° ahead of M, is the Ktarting-i)oiut for the second curve of twisting 

moment. 

When th(^ ('ut^nnes ar(^ equal in all respects, as is here assumed, 
then the two curves ai’c^ i‘(pial, and tlu^ curve 9>tr is drawn equal to 
M61). The true curvc^ of twistin^^ moment, clfi, etc., is then found 
by taking the sum of tht‘ v(‘rt.ical distances of the sepaiute curves, 
thus ac + ad = ae, and so on. 

The lin(‘. KL is tlu‘ mean t.urning-(‘flbrt liiu'- for a single crank, as 
before, and M K/ = 2M K for doubU‘ c.rank. Or in practice, when 
the power of the engint*s is une<pial, MK' is obtained from (P^ + P^ 
2 

+ whert‘ Pi, Po, c‘t.c,, are t.he mean effective pressure on each 


piston r(‘sp(K*tiv(‘Iy for two or mor(‘ engiiu^s. 

Cas<^ TV. Triple expansion nujhiCH with cranlcH at 120®. 

In Fig. 272, th(‘ cui‘vt‘s for a single (‘ngin(‘. ani 
drawn as bt‘foi*(', starting fi'om th(‘ point M with 
the lirst curve; at a point 120® alu'ad of M., for 
tlu‘. s(‘cond crank ; and at a point 240® abt‘ad of M, 
for th(^ third <n’ank. Tin* tru<‘ (nirv(‘, of twisting 
moments is tlum obtaim^d by taking the sum 
of thc^ ordinatt‘s ah + ae 4- nd, and <’onHtructing 
the curve by taking as many ordinah'S as ar(^ 
required. 

.Frorii tht‘ Figs. 2()S, 270, 272, it will b(i ol)- 
served that by incr*(‘aHing t.lu^ niunh(‘rof cranks tlu^ jKuxxmtagc^ variation 
in the turning tdlbrt is muc'h r(*duetHl, as^shown by the shaded areas on 
each side of tht‘ mean line KL. 




Turning Effort on the Crank-pin with Variable Pressure on the 
Piston. — It has alixxidy b(X‘n shown, in connection with the velocity 
ratios of piston and (n*ank»pin (Fig- 27H), that for any position 00 
of the crank and OP of th(* eonnex ‘.ting-rod, if ()A be drawn perpen- 
dicular to ON, v(do(dty of 1* : vcdocity of 0 : : OA : 00, the velocity 
of the crank-pin 00 being constant, and OA varying with the posi- 
tion of the piston in thc^ path of its stroke, MN. Then, having obtained 
the velocity ratio of two rigidly connected joints, 0 and P, and 

knowing that force ratio = , .. ” ,. -;the pressures transmitted 

° velocity ratio ^ 
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at C and P in the element PC are inversely as their velocities. 
Hence, if OC represent to any scale the pressure Pd on the piston, 
then OA represents to the same scale the turning effort on the crank- 



pin C. Or, more conveniently, if the pressure Pd per square inch on the 
piston for any position P be set off on CO as at Ca, and ah be drawn 
parallel to OA, then ah is the turning effort on the. crank-pin per 
square inch of piston area for the position OC of the crank ; for the 
triangles OAC and a5C being similar, OA : OC : : ah : aC. If ah be 
multiplied by the area of the piston in square inches, the total turning 
effort is obtained. 

Diagram of Effective Pressure on the Piston. — In order to obtain 
the twisting-moment diagrs^^ accurately, it is necessary to find. out 
the net pressure acting on the piston at each point of the stroke, and 
this can only be obtained by knowing the pressure acting on the two 
opposite sides of the piston ; whereas the indicator diagram gives the 
forward line, and the backward line on the same side of the piston. 

We therefore require to have a diagram taken from each side of 
the piston at the same time, and to combine the forward line of the 
diagram from one side with the backward line of the diagram from 
the opposite side. ' 

In Fig. 274, A and B are indicator diagrams from opposite sides 
of the piston, and C and D are effective-pressure diagrams drawn 
therefrom. Fig. 274, C is the net or resultant diagram for the front 
end of the cylinder, and D for the back end set up from a hori- 
zontal base line MN. The diagrams are drawn by first dividing each 
figure into ten equal divisions, and each line MIS', M^N', similarly. 
Take, for example, division 1 on each diagram. A, B, and C ; a is the 
total forward pressure (Fig. A) when h is the back pressure at the 
same time on the other side of the piston (Fig. B) ; therefore the height 
at division 1 (Fig. C) is equal to the difference between a and h, and 
so on for each division. Towards the end of the stroke of the piston, 
the back pressure due to large compression may be in excess of the 
forward pressure, and the curve becomes negative and falls below the 
zero line of pressure MN. 

The Figs. C and D (274) are* net diagrams for each side of the 
piston respectively. The effect of the inertia of the reciprocating parts 
is not here included. 

Influence of Inertia of the Reciprocating Parts. — It may be explained 
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that by the term inertia is meant the property possessed by bodies 
by virtue o£ wliich they ofler resikance to change of velocity, whether 


A. FRONT END B BACK END 



that chanji^e be from a coudition of zero velocity, as when a shot 
is projectcHl fr’orn a gun, or wh(d*h(‘r ihe chang<^ be from that of a 
liigh velocity to a (‘(uiditiou of r(^Hi., as when the ilying projectile is 
stopped l)y the targcjt. I n (‘ac^h eas<^ the imu-tia of tlu^ shot liad to be 
ov(U’come— in the first* iustancH'., by tlu^ energy in the powder ; and 
in the s(^cond inHtau<;c», at* the (expense, possibly, of the fractured 
target upon which t.he forces was (expended. Similarly, in order to 
start th(^ nunpi’ocating parts of an engim^ from their conditioh of 
rest at tlie Ix^ginning of (*ach stroke to that of maximum velocity, if 
the piston velocity is high, a considerable proportion of the energy of 
the steam may be absorbed in overcoming the inertia of those parts 
before its eflect can b(‘ f(dt as turning effort on the crank-pin. 
Fortunatidy, how(*v<‘r, tlu^re is no loss of energy due to this cause, 
for the force rcijuinsl to over(jom(^ inertm during tlio increase of 
velocity is again rc^storiul in tlu*, later part of the stroke as pressure 
on the crank-pi n.wlfih‘ thc^ (n*ank“pin brings the moving paints to rest. 

It is evidemt, th(*refore, that liefore constructing a diagram of 
turning (*ffort on th(5 (irank-pin, we must first ‘‘ correct the indicator 
diagram for inertia” by subtracting the amount of the pressure 
employed in accederating tlu^ reciprocating parts during the early 
part of the stroke, and adding to the diagram the pressure restored 
to the crank-pin whiles r(d.a!'ding those parts during the later portion 
of the stroke. 

The amount of the (effort absorlied during acceleration is in all 
eases equal to that restorcHl during retardation, and the total energy 
exerted upon the pin (rK^gh^cting friction) is unaffc^cted by the work 
of acceleration and retfirdation, but tlu^ distribution of the turning 
effort during each half -re volution of the crank may be greatly 
changed, and its influence upon the i-egularity of speed of the engine 
may bo consideral)!^, 
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Force required to accelerate the Velocity of the Reciprocating 
Parts. — The reciprocating parts include the piston, piston-rod, cross- 
head, and part of the connecting-rod, and the force required may be 
easily found by assuming, for the purpose of this problem, that the 
whole mass of the parts is concentrated at the crank-pin, and rotating 
with it — the obliquity of the connecting-rod being in the first instance 
neglected. 

The centripetal force exerted when the mass is turned about the centre 
0 (Fig. 275) acts radially in the direction AO, PO, BO, etc., for every 

"SSf 

position of the crank, and is equal to F == —— = MwV ; and this force 

may be resolved horizontally, as at PE, and vertically, as at PN, for each 

position of the crank. Thus, if OP = 
the centripetal force F, then PE = NO 
= F cos 0 = the horizontal component 
of the centripetal force F, and is the 
amount of force employed in accelerat- 
ing the velocity of the mass at position 
N in the horizontal direction A to B. 
The forces may thus be obtained for all 
positions P of the crank, and they are 
the same as would be required to accele- 
rate the reciprocating parts in their 
corresponding ordinary positions, the 
masses, the horizontal distances, and 
Fig. 275. the intervals of time being the same 

in either case. 

The vertical components of the centripetal force take no part in 
horizontal acceleration, and are therefore neglected. 

At the beginning A of the stroke, the whole centripetal force F acts 

horizontally, it has no vertical component, and cos ^ = 1. Therefore 

■\y^2 

acceleration at A is a maximum, and = F = ~ WrN^ X 0*00034, 

gr 

where W = weight of reciprocating parts in pounds, r = radius of 
crank in feet, and N = number of revolutions per minute. In order 
to apply the force, when obtained, to the indicator diagram, it must 
be expressed in pounds per square inch of the piston area ; the above 
value of F is therefore divided by the piston area in square inches. 
Thus, pressure required per square inch of piston to start the recipro- 
cating parts at beginning of stroke 

_ . _ WrN^ X 0-00034 
area of piston 

At the middle of the stroke the whole centripetal force acts verti- 
cally, and it has no horizontal component. Here the velocity of the 
reciprocating parts is a maximum, and there is no longer any force 
exerted in increasing its velocity any further ; the acceleration, there- 
fore, at the mid-positions of the crank is zero. 

Beyond this point the reciprocating parts are retarded until they 
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are brought to rest at the end of the stroke ; the forces exerted on the 
crank-pin in bringing the moving parts to rest are exactly the reverse 
of those acting upon th(i piston to generate its velocity during the 
first half of the stroke. 

The distribution of i.he foi‘(!es throughout the stroke may be seen 
by Fig. 276, where AI> represents tlio length of the piston stroke. Set 
off AO = /as ol)tain(Ml by tlu'. abov(^ equation, and use the same scale 
of pounds as is uscmI for the indicuitor diagram to which the diagram 
is to be aj)pli(Hl. At 1 ), the mid-position of the j)iston, the accelera- 
tion is zero. At ititei-mediate points, as at N, set off‘ NO (Fig. 27G) to 
scale, by measurement, of the horizontal component NO from the 



Fia. 27G. Kio. 277. 

diagram (Fig. 277)), or by calculation of the value of / cos 0 for 
several positions of the ci’ank. If th(^ ordinates so found be joined, 
the straight lim^ CODF is obtained. 

The triangles ACl) and BFD ar<^ equal, and they each represent, 
by th(vir ar(^a, work dom^ (1) by th<^ steam u])on the j)iston to generate 
velocity, (2) by tlu^ r(H!ipro<;ating ])arts upon the crank-pin during 
retardation from maximum to zero vcdocity. Thus, ar(«i of triangle 
AOD = kinetic, emu’gy storcMl up in moving parts on reaching middle 

of stroke = ^ F>ut AD = r = nidius of crardv, and r x r/AO = 

area of triangle - - ■ ; therefore AC -■ - as before. The same 

2<j <jr 

reasoning applies to t.riangl<>! DEB, whidi represents energy given uj^ 
by the r(;ciprocai.ing })arts and transfer!-(ul to the crank-pin. 

Illustrations of the EiBtects of Inertia upon the Pressure trans- 
mitted to the Crank-pin.^— Suppose first the <;ase of an engine taking 
steam through the whoh^ length of stroke. Then tlu^ indicator diagram 
is approximately a r(Hd.angl(^ = ABCD (li'ig. 278). Let the pressure of 
steam AB = 20 lbs. per s(piar<i inch, and the pressure to accelerate the 

piston = C lbs. reckoned p(u’ scjuaro inch of piston area = -r- area 

of piston. 

If AE be set down below AI) = G lbs. to scale, and DF above 
AD = G n)s., and points E and If be joined, then the line EKF repre- 
sents the extent of (*,orrec*,tion r(«iuired for the indicator diagram 
before the pressure transmit.tcd to the crardc-pin (!an be determined. 
Between points and G on the top line of the diagram, set down 
* See “ A ITactical Treatise on the 8teum Engine,” hy Mr. A. Tligg. 
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below BGr ordinates m. equal to and corresponding with ordinates n 
between lines EK and AK. Similarly, set up above GC ordinates m 

equal to and corresponding with 
ordinates n between KF and KD. 
Then ALGHD is the corrected 
diagram, from which is measured 
the pressure transmitted to the 
crank-pin. 

Though the pressure of the 
steam upon the piston is assumed 
uniform throughout, the pressure 
transmitted to the crank-pin is 
very variable, being 14 lbs. at the 
beginning of the stroke, 20 lbs. in 
the middle of the stroke, and 26 
lbs. at the end of the stroke ; and 
since the effects of inertia rapidly 
increase with the speed, the ratio of increase being as the square 
of the velocity, the diagram shows how seriously high the pressure on 
the crank-pin may become at high speed towards the end of the stroke, 
especially when the pressure of the steam is retained throughout the 
stroke. 

These high inertia effects, are, however, greatly modified by working 
the steam expansively, and by a judicious use of steam-compression 
at the back of the piston. 

If the steam be worked expansively in the cylinder, the effect in 
reducing the excessive pressure on the crank-pin at the end of the 
stroke will be seen from the diagram (Fig. 279). SSS is the assumed 



Fig. 278 . 




diagram of net effective steam-pressure on the piston, set up from the 
base-line AB. Line EF is the inertia line, and the piston-pressures 
S, S, corrected for inertia by making ordinates m = n on the same 
vertical line, and above or below SSS as required, give the line CCC, 
the ordinates of which at the various parts of the stroke give the 
actual pressures transmitted to the crank-pin. 

Fig. 279 shows the effect of expansion only, and Fig. ^280 of 
expansion and compression ^in tending to make' the pressure more 
, uniformly equal throughout the stroke, as shown by line CGOr 


TURNING EFFORT IN THE CRANIGSHAFT 


241 


Influence of Weight of Eeciprocating Parts in Vertical Engines. 

On the upward stroke of the piston, the weight of the reciprocating 
parts acts against the steam throughout the whole stroke. Hence, if 
the weight of those parts expressed in pounds per square inch of piston 
area be set up from A = AF (Fig. 281), to the same scale as AC, and 
FG be drawn parallel to AB, then FG is the new base-line, which 
will coincide with the base of the net steam-pressure diagram to be 
corrected for effects of inertia and weight of moving parts. A is the 
beginning of the stroke, and the ordinates m are subtracted from, 
while the ordinates n are added to, the ordinates of the net steam- 
pressure diagram, in order to obtain the amount of pressure trans- 
mitted as turning effort on the crank-pin. For the downward stroke 




the case is reversed, the weight of the reciprocating parts acting with 
the steam-pressure throughout the whole stroke. 

In Fig. 282, if A'C' be drawn as before, representing the force 
required to generate the required velocity in the moving parts at the 
commencement of the stroke, then, since on the downward stroke, 
part of this force (namely, A'F) is supplied by the weight of the 
parts, an amount of force equal to F'C' only is required to be pro\dded 
by the steam to generate velocity. 

The line F'G', drawn a distance below A'B' equal to the weight of 
the moving parts per square in, of piston area, is the new base upon 
which the net steam-pressure diagram will be placed to be corrected 
for effects of velocity and gravity upon the moving parts. The 
ordinates m will be subtracted from and the ordinates n added to 
the corresponding ordinates of the steam-pressure diagram, A being 
considered the beginning of the stroke. 

The work done (= area AG) in lifting the reciprocating parts 
during the upward stroke, and thus reducing the effective work on 
the crank-pin, is compensated for by the restoration of the same 
amount of work to the crank-pin during the downward stroke (= area 
A'G'), the weights during this stroke assisting the steam-pressure. 
There is, therefore, no loss due to the weights of the moving parts. 

When the Obliquity of the Connecting-rod is included. — When the 
influence of the short connecting-rod is included, the problem of finding 
the inertia line is more complex, but for practical purposes it is usually 
sufficient to find the acceleration at the two ends of the stroke, and 
to find the point of zero acceleration. Then, by drawing a free curve 
through these three points, we may obtain with sufficient accuracy the 
inertia line required.^ 

1 For a construction for finding all points in tlie curve, see the chapter on 
“ Balancing of Engines.” 
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•First, to find the point B (Fig. 283), or the position of the piston 
at the point of its maximnm velocity, where its acceleration is zero. 
This may be found with almost absolute accuracy by a simple 
geometrical construction, thus : 



Fig. 283. 


Draw OC (Fig. 283) to scale equal to the crank radius, and draw 
AC at right angles to it and equal in length to the connecting-rod. 
Join OA, and rotate the right-angled triangle OCA about O. Or — 

B02 = Z2 + 

BO = /P + 

B is the point requh-ed representing the position of the piston in the 
path DE of the stroke at the moment of maximum velocity. It is 
also the point of zero acceleration on the inertia curve. 

At the point D, the beginning of the stroke DE (Fig. 284), 
the accelerating force DA is found in the following way. 'V^en the 
crank is passing the dead centre and the connecting-rod is finite, the 




Fig. 285. 

centripetal force includes tw’o efifects : first, that due to the rotation 
of the mass about the centre of the crank-shaft O ; and, secondly, 
that due to its tendency to rotate also about the centre B of the con- 
necting-rod BP (Fig. 285). Thus the acceleration at P is proportional 
to the sum of the curvatures drawn with radii OP and BP respectively. 
At the other end of the stroke, when the crank is passing the centre 
P', the centripetal force due to the motion of the connecting-rod acts 
in the same direction as that of the crank, and the acceleration at 
P' is proportional to the difference of those curvatures. Hence, if the 
connecting-rod = n times the radius r of the crank, then the accele- 
rating force at P = 4 . 1\ and the force at P' 

^ g\r nr/ gr \ nj 

i;2\ ^ Wi?Y^ 

^ §\r nr) gr \ 


g\r nr/ gr\n/ 

~ If* then, the value»of the centripetal 
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force at P and P' (Pig. 285) be set off vertically from D and E, and 
==I)A and EC respectively (Pig. 284), and a free curve ABC be 
drawn, then ABC is the curve of inertia required with which to 
correct the net pressure-diagram on the piston when determining 
the pressure transmitted to the crank-pin. This subject will be 
dealt with more fully in the chapter on Balancing of Engines.” 

If the speed of the engine exceed a certain number of revolutions, 
the pressure necessary to accelerate the piston may be greater than 
that of the steam-pressure in the cylinder, in which case the crank 



will at first pull the reciprocating parts during the early portion of 
the stroke beyond which the steam-pressure will begin to act, and the 
reciprocating parts close up against the crank-pin and crosshead-pin 
with a more or less serious knock. This is an indication that the 
engine is working beyond its limit of speed for the steam-pressure 
employed. By working at a higher initial steam-pressure, and cutting 
off earlier in the stroke, the knock may be avoided. 

Example. — ^To find the effect of inertia at the ends of the stroke in 
the following example, and to draw the curve of crank-effort : — 

Weight of reciprocating parts = 292 lbs. ; length of crank, 6 in. ; 
diameter of cylinder, 10 in. ; revolutions = 300 per minute; ratio of 
crank to connecting-rod = 1 : 4*5. 

Then force at beginning 
and end of stroke 


But p 
P 


= ± ij 

gr \ nJ 

_ 292 X (27rrN)^ ^ sn 

— 32 X r X 60 X 60^ ~ 

292 X 39-4 X 0-5 x 300 X 300,^ ^ 2. 
“ 32 X 60 X 60 '' 

= 4494(1 ± I) 

= 5492-6 or 3495-3 
F 4494 ^ 

“ A ■" 102 X 0-7854^ “ 

= 69-9 and 44-5 lbs. per square inch of 
piston. 
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Fig. 286 is drawn with the data here given, lengths A and C being 
set off to scale equal to 69*9 and 44*5 at the beginning and end of the 
stroke respectively, and the point B is found, as already explained, 
by finding geometrically the position of the piston when the crank 
and connecting-rod are at right angles. A free curve of inertia is 
then drawn, and the diagram of net effective pressure on the piston 
is set off, as shown by dotted lines, by measuring from the inertia 
curve to the top line of the indicator diagram (see Fig. 279), and 
resolving the pressure as shown to find its tangential effeet on the 
crank-pin. 

Thus, if the net pressure 5, measured from the base line to the 
corrected indicator diagram, shown dotted, be set off on the corre- 
sponding crank position as shown, and the vertical component a, 
intercepted by the connecting-rod, be set off on the crank position 
produced, then, by joining the outer extremities of the lines a, the 
curve of turning effort on the crank-pin is obtained. 

It may here be pointed out that though the force absorbed in 
accelerating the moving parts is restored during retardation of those 
parts, yet in practice there will be a waste of energy to a greater or 
less degree at the end of each stroke, if owing to slack bearings there 
is a “ pound ’’ or shock as the crank turns the centre and the moving 
parts change the direction of motion. With slack main bearings, the 
crank-shaft may be lifted on the up-stroke, and possibly bent or 
sprung on the down-stroke. To avoid such effects, the brasses should 
be kept in good condition, having a minimum of slackness, and the 
energy in the piston at each end of the stroke should be absorbed by 
a judicious use of steam-cushioning on the exhaust side, so that the 
piston may be brought to rest as nearly as possible without shock. 


CHAPTEE XVI. 

FLYWHEELS. 


FliTJOTuation of speed of the crank-shaft during each single revolution 
of -fclie shaft raay be reduced by the use of a flywheel, ^ whose mass 
Imcl radius of rotation provide a large moment of inertia, absorbing 
orioirgy when the turning eflbrt is in excess of the resistance, and 
restioring it to the shaft when the resistance is in excess of the effort. 

Tile extent to which the turning effort transmitted to the crank- 
inrx -varies above and below the mean turning eflbrt is well seen by the 

dia^^rams already given. . . 

Tlius in the case of a single crank engine this variation is large, 
wliiXo in triple engines with three cranks at 120 the variation is 
recXxxced to within very narrow limits. 

I-fc is clear, therefore, that for the single-crank engine a large and 
hea,-vy flywheel is much more necessary than for the three-crank 

eix^ixie of the same power. ♦ « . • 

To desit^n a flywheel to meet the requirements of a given case, it is 
necessary to find out first what is the extent of the periodical fluctua- 
tion. of energy, above and below the mean energy transmitted during 


a fcsixigle revolution. 


E'er this purpose a turning-effort diagram is drawn by the method 
already explained. Thus, in Fig. 287, curve abode represents the 
tux-xiing effort for a single-crank engine during one whole revolution. 



Of the two curves ahc and cde, that which shows the larger 
excess of energy is chosen for the calculation. The hne ^ is the 
mean of the two curves. The resistance is assumed constant. Then 
tiie work E done during one stroke is represented by the area a^, 
wliicli area is equal also to the rectangle afgc.^ If area Mm - AE, 
f H AE -A. E is called the coefficient of fluctuation of energy. 

E’er multiple-crank engines the turiung-efiort curves for the 
se:^rate cranks are combined (Fig. 288). and the coefficient of 
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fluctuation of energy is now the ratio of one of the areas projecting 
above the mean-effort line, as the area efg to the total effort ahcd 
during the stroke. 



To find the value in foot-pounds of the area efg, obtain by means of 
a planimeter, or by simple measurement to any scale, the ratio of the 
area efg to the area ahcd. Then, since the area of ahcd is known, 
being equal to the work in foot-pounds done by the steam upon the 
piston or combined pistons during the stroke, the area efg may be 
obtained at once. 

To find the weight of flyioheel, having given the coefficient of 
fluctuation of energy and the limit of variation of speed. 

Fluctuation of the force acting as turning effort on the crank-shaft 
is, as a necessary consequence, followed by fluctuation of speed of 
rotation. This is objectionable in all engines, but is especially so in 
some departments of engineering, such as electric lighting; and 
although the speed of rotation cannot be made absolutely uniform, 
so long as the turning effort is not uniform, the variation may be 
reduced to any required extent by increasing the mass and radius of 
the flywheel. 

If W = the weight of the rim of the flywheel, the weight of the 
arms being neglected ; r = the radius to centre of figure of the rim ; 
V = velocity of rim at radius r in feet per second s and w = angular 
velocity of wheel ; ' ^ 

Then the energy of the wheel = = y? 

2^ 2g 

and for any addition of energy AE, such as area hhm (Fig. 287), we 
have an increase of speed from wi to 0 ) 2 , and — 

AE = 

that is, for a given value of AE the change of speed will vary inversely 
as the weight and as the square of the radius of the wheel. 

The radius of the wheel is determined somewhat by considerations 
of appearance and proportion, according to the discretion of the 
designer, always remembering that the peripheral speed of the rim 
should not exceed 100 ft. per second as a maximum. But having 
determined the radius, the weight required to reduce the variation of 
speed to within given limits is obtained as follows : — 
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AE = ~ 

% 

__ W{Vi^ 4* — ^ 2 )^ 

~ ~2gv 

W X 2y X hv 
2sr 

■m 9 

where = maximuni velocity, t? = mean velocity, and v,y = minimum 

velocity, also h = coefficient of fluctuation of speed = . The 

value of 7c varies from for punching and shearing machines to 
to for electrical machinery. 

This variation of speed has to do with the speed fluctuation during 
a single revolution, and has nothing to do with the fluctuation of 
speed from minute to minute, which is the work of the governor. 

The stresses in a flywheel are of two kinds : (1) those due to centri- 
fugal force, and (2) those due to inertia. 

'Wv’^ 

1. The centrifugal force acting radially in the wheel = — per 

foot of rim, measured on the mean circumference, W = weight of the 
rim per foot of length ; r = radius of wheel to centre of rim in feet ; 
V = velocity of rim in feet per second at radius r. 

The action of this force in tending to burst the rim of the wheel 
may be considered as equivalent to that of steam-pressure acting 
internally on the circular shell of a boiler, and as, in the case of a 
boiler, the tendency to burst the wheel in a plane through any 
diameter = F x d, where F stands for centrifugal force per foot of 
rim, and d the mean diameter of the wheel in feet ; and the stress 

per square inch on the material = / = where a = area of 

^ ^ ■ area 2a 

section of rim in square inches. 

In addition to the tendency to fracture of the wheel just referred 
to, the centrifugal force tends also to bend the rim, between the arms, 
concave to the centre. There is also a tensile stress upon the arms. 

2. The stresses due to inertia of the mass of the wheel may become 
large when there is any more or less sudden variation of the speed of 
the engine, the effect of which is to put a bending stress upon the 
arms, which may be considered as cantilevers loaded at the rim end 
and secured at the boss of the wheel. 

Example. — A flywheel with a cast-iron rim 15 ft. mean diameter 
runs at a speed of 90 revolutions per minute. The section of the 
rim = 150 sq. in. Find the stress on the rim tending to separate it 
through any diameter; also find the stress per square inch on the 
material of the wr ought-iron strap plates, 8 in. x in., one on each 
side of junction of segment. 

Then, weight per foot of rim measured on mean circumference = 

150 X 12 X 0-26 = 468 lbs. 



Fig. 289. 


Fig. 289 is a combined flywheel and rope drum as made by Messrs. 
Musgrave of Bolton. The construction will be understood from the 
drawing. 

Fig. 290 is a type of flywheel made for rolling mills in the United 
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States. Ifc was recently, described by Mr. John Fritz.^ This design 
of wheel is made varying in diameter from 20 to 30 ft. It has been 

■ subjected to very severe treatment, and is said 
never to have been known to fail. * 

The rim is cast in segments, each segment being 
[ cast with its accompanying arm ; and both seg- 

\ ment and arm are cast hollow as shown. The 

\ holes in the segments are made smaller at the 

B K ]=j j B ej^ds so as to allow for the metal taken out for the 
/ connecting T-pieces. The steel limbs or T-pieces 

A , are designed so that the rim is as strong at the 

I e o joints of the segments as elsewhere. 

D € ■ p D It will be noticed that at the centre of the 
g wheel there is a space left of about in. on both 
sides of each arm. This is filled with oakum, and 
driven hard after the wheel is finished and in its 
place. 

. . 291 shows a design for a liywheeP by 

Fig. 292. the “ Duisburger Maschinenbau - Actien - Gesell- 
schaft with a cast-iron rim made in segments, 
a cast-iron boss, and steel-plate arms secured in pairs to the boss 



Fig. 293. 

and rim as shown, with a cast-iron distance-piece between the pairs 
of arms. 

^ Cas&ierh Magazine, vol. 16, No. 2. ^ « gtahl und Eisen,” May, 1899. 
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Figs. 292 and 293 ^ show a form of built-up flywheel composed of 
flat steel plates, constructed by the E. P. Allis Company of Milwaukee, 
U.S., for a cross-compound engine, 32-in. and 62-in. cylinders, and 5-“ft. 
stroke. The speed at which the wheel is intended to run is 75 
revolutions per minute, giving a speed at the circumference of 90 ft. 
per second. 

Pig. 292 is a side elevation of half the wheel and a section through half the boss. 
The boss is made of cast iron, and is 8 ft. extreme diameter. Against each face of 
the boss are two annular steel plates, A, Fig. 292, which are 1 in. thick and 23 in. 
wide, and split on the diameter. From these plates extend the weh-platcs, sixteen 
in number, to the extreme outside diameter of the wheel. Between the plates on 
the opposite sides of the boss are truss-pieces, 1 in. by 8 in., bolted at the ends 
with two ^-in. bolts, and having at the centre two Irin. bolts as struts. The truss- 
pieces are put at the joints between the web-plates. Outside the web-plates are 
cover-p)lates D, 1 in. thick and 27 in. wide, also split on the diameter. Through 
the outside cover-plates D, web-plates B, and inside plates A, are forty 23 -in. bolts. 
In addition there arc forty-eight l^-in. bolts on each side, througli the cover-plates 
and web-plates. The section of the rim between the web-plates consists of thirteen 
1-in. steel plates placed side by side and joined on the ends as shown. Outside of the 
web-plates, on^each side of the rim, are 1-in. by 12-in. plates, forming cover-plates 
around the entire rim. Still outside tins is another strip 1 in. by 5 in. all round 
the wheel. Countersunk rivets 13 in. diameter hold the plates and rirn together. 

“ A good average value for the energy necessary to be stored in 
fly-wheels for electric lighting purposes is 2*9 foot-tons per electrical 
horse-power, and in traction plant 4 foot-tons.” 

Built steel wheels may have a peripheral velocity up to 130 ft. per 
second.” 2 

^ From the Railroad Gazette. 

^ See paper by Mr. A. Marshall Downie, B.Sc. (Engineering^ January 17, 1902). 


CHAPTER XVII. 

ENGINE DETAILS. 


Cylinders. — The strength of cylinders, as of all other parts of steam- 
engines, is initially dependent npon the pressure of the steam to be 
used. The thickness of the cylinder must be sufficient to safely with- 
stand the maximum steam-pressure and to ensure a safe casting 
throughout. 

The general proportions of the cylinder depend upon the relation 
between the length of stroke and the diameter of the cylinder. This 
value varies from 1*5 to 2*0 for ordinary horizontal mill-engines, and 
from 1*25 to 0*6 for vertical quick-running engines. 

The steam-ports are made sufficiently long (generally from 0*6 to 
0*8 of the cylinder diameter) to admit the steam promptly and 
through as large an area as possible when the valve begins to uncover 
the port, so as to give the piston the full benefit of the maximum 
steam-pressure from the commencement of the stroke. A long port 
has the additional advantage of permitting a smaller travel of vah'e 
for a given area of port opening. 

The dimensions of the port are also governed by the necessity of 
providing ready egress for the steam during exhaust. Getting the 
steam out during exhaust is a more difficult problem than getting 
the steam into the cylinder. Large ports, however, involve large 
clearance volume and large clearance surface, and, for reasons 
already given, both of these should be reduced to the lowest possible 
limits. 

The area of steam-port is made sufficient to permit of a velocity of 
flow not exceeding 6000 ft. per minute \ 


Area of port = 


area of piston in sq. in. x piston speed in ft. per min. 
6000 


By turning the face of the piston in the lathe, and where possible 
also the inner surface of the cylinder cover, the clearance volume may 
be more readily reduced to the lowest practical limit than when the 
castings are left rough. 

The clearance space permitted between the piston and cylinder 
end varies from ^ in. to ^ in., depending on the size of the engine. 

Where the clearance space is very small, additional care is neces- 
sary in the adjustment of brasses at the various joints between the 
piston and the crank-pin. 
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Cylinder-liners and Barrels. — In order that a hard surface shall be 
presented to the rubbing action of the piston, it is usual to fit a 
separate working barrel made of hard, close-grained metal, forced or 
shrunk into the cylinder, or secured by a flange at the bottom end 
fitted with bolts, as shown in Fig. 294. The cylinder-cover end of 
the liner is left free to expand. The space between the working- 
-barrel or liner and the cylinder-casting constitutes the steam-jacket, 
and the joint at the cover end of the liner is made steam-tight and 
at the same time allowed to expand freely by methods such as that 
shown in Fig. 294. 



Fig. 294. Fig. 295. 


Many examples of cylinders are given throughout this book. Fig. 
295 shows a cylinder fitted with a piston-valve. 

Cylinder Patterns. — ^Where a great variety of sizes of engines are 
made, it becomes a matter of, prime importance to keep down the 
number of separate patterns, for a large stock of patterns represents a 
large capital, which is to a considerable extent unproductive. 

In making a series of engines of uniform type but somewhat 
varying powers, one head pattern can be used for the two ends of 
the cylinder with but slight alteration, and by varying the length of 
the barrels the cylinder pattern can be used for a variety of piston 
strokes. 

It is customary in many firms to keep engine beds to standard 
strokes, and make the total initial pressure and power of tandem 
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compound cylinders equal to the half of the total initial pressure of a 
cross-coupled or side-by-side compound engine, or equal to that of the 
high-pressure cylinder only. 

Thus, taking a cross-coupled compound engine, 18 in. and 30 in. 

* cylinder diameters, by 42 in. stroke, to find the compound tandem 
engine the combined power of whose cylinders is equal to that of the 
high-pressure cylinder of the 18" X 30" X 42" cross-coupled engine,, 
the stroke to remain the same ; then, since the power is proportional 
to the squares of the cylinder diameters, we have — 

1 8 ^ 824 

= 162 ; and v^l62 = 13 in. nearly 

that is, a 13-in. diameter high-pressure cylinder is equal to one half 
the power of the 18-in. cylinder. By the addition of a suitable low- 
pressure cylinder to work tandem with the 13-in. high-pressure 
cylinder, the total power will then be equal to that of the 18-in. high- 
pressure cylinder, then — 

. 302 

= 450; and js/4:b0 = about 22 in. 

that is, the heads of a cross-coupled compound engine 13" x 22" x 30" 
stroke would be used as a 13" x 22" x 42" stroke tandem compound 
engine, the beds, rods, bearings, etc., being the same as for a single 
engine of the 18" X 30" x 42" size. 

This gives a well-designed arrangement in both cases, and minimises 
the number of patterns required. 

Low-pressure cylinder patterns of small engines are used for high- 
pressure cylinders of large engines by simply lengthening the barrel. 

The above remarks assume a fairly uiiiform piston speed in .the 
above engines, varying not more than 10 per cent, of, say, 600 to 660 ft. 
per minute. 

The splitting up of cylinder castings also reduces the risk of loss 
by defective casting, and if an engine is wanted in a hurry, the 
cylinder can be treated in several separate machines, and the parts 
assembled when machined in a much shorter time than is possible if 
the cylinder is machined as a single casting. This, of course, does 
not apply to the case where a large number of engines of standard 
pattern are passing through special machines, or where the time lost 
in fitting the ^assembled j)arts would be greater than that lost in the 
processes of machining the cylinder as one casting. 

Fig. 296 shows a cylinder stuffing-box and gland fitted with Ward’s 
metallic packing. A is the piston-rod, which must be true and free 
from grooves if the arrangement is to be steam-tight; with this 
packing a brass bush is not necessary at the bottom of the stuffing- 
box. B is the stuffing-box, which holds the packing. C is the gland- 
cover, which has a perfectly true face on the inner side, where the 
packing-pieces E and F bear upon it and make a steam-tight joint. 

The packing-pieces E are made of anti-friction metal, lined on the 
outside with gun-metal to stiffen them. The pieces F make joints 
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with the pieces E (see plan of figure), and prevent the passage of 
steam at the partings of those pieces. The pieces E extend from 
the face of the gland nearly to the top of the stuffing-box. 

A hoop, G, surrounds the packing-pieces. It is bevelled as shown, 
and fits against a corresponding face on the packing-pieces E. The 



hoop G is pressed against by two springs, H, which keep the packing- 
pieces up to their work on the rod and the face of the gland. There 
is a further, small gland and stuffing-box on the outer side of the 
main gland-cover, which is sometimes fitted to keep the joint dry ; it 
is packed with ordinary packing. 
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Pistons. — A perfect piston would be one whicli was at the same 
time both steam-tight and frictionless. In practice, in order to make 
the piston steam-tight, various forms of spring rings are used, which, 
while rendering the piston steam-tight, also set up more or less 
friction against the cylinder walls during the stroke of the piston. 

The packing-rings of pistons have themselves an initial spring or 
tendency to open themselves against the cylinder-barrel, by being 
turned in the first instance as a ^ 

ring to a slightly larger diameter . 

than the cylinder-barrel, after 


which the ring is cut obliquely so 
that the ring may be compressed 




Fia. 297. 


Pig. 298. 


and closed to fit the barrel. The steam is prevented from passing 
through the oblique slit in the ring just made by the insertion of 
a gun-metal tongue-piece, A,, fitting in a groove cut right across the 
slit (see Pig. 299). 

For the high-pressure pistons of marine engines, and also of 
locomotives, the packing-rings are generally small square spring 
rings of cast-iron or bronze, without springs behind them. 

Fig, 298 is a good type of stationary engine piston. 
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Figs. 299 and 300 are typical examples of cast-steel pistons as made 
for marine work. They are much lighter than cast-iron pistons of 
the older type of the same diameter, and, being conical in shape, they 
are also stiffer and more rigid. 

The small spiral springs behind the packing-ring in Fig. 299 force 




the ring against the cylinder-barrel, and they are capable of accurate 
and uniform adjustment. These springs are compressed so as to 
exert a pressure of about 2 lbs. per square inch of the bearing surface 
of the packing-ring.’- 

^ See Sennett and Oram, “ The Marine Steam Engine,” p. 231. 
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Too much care cannot be taken to obtain on the one hand a steam- 
tight piston, and on the other hand to secure steam-tightness with a 
minimum of friction. In horizontal engines the friction is further 


increased by the weight of the piston, and 
engines the practice of marine engineers of 


in horizontal stationary 
using light steel pistons 
might be followed with 
advantage. 

Fig. 302 represents 
views of a piston-pack- 
ing having a double ad- 
justment, as made by 
Messrs. Lockwood and 
Carlisle. The piston- 
ring is in two parts, and 
within the two half- 
rings is a compound 
spring, one part being 
helical, as shown in 
Fig. 302, and tending 
to press the packing- 
rings outwards against 
the cylinder walls ; and 
another part having a 
tendency to press the 
rings apart against 
the internal faces of the 
piston-flange and the 
junk-ring. This pre- 
vents the steam from 
passing the piston 
through the back of the 
packing-ring. 

Fig. 297 is a piston- 
valve fitted with the 
same kind of packing 
and spring-ring. 

Piston-speed varies in 
ordinary practice from 
about 300 to 400 ft. per 
minute in small factory 
engines, to about 800 
ft. per minute for ma- 
rine engines, and over 
1000 ft. per minute for 
the locomotive. 

The piston-rod is designed to resist safely the stresses due to the 
maximum load on the piston, and the area of the rod is calculated at 
its weakest part. This is usually at the cotter end of the rod, where 
the method of connection is by a cotter to the cross-head (see Fig. 



I 

Fig. 300. 
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303). Here the stresses change direction each stroke, being com- 
pressive during the outward stroke and tensile during the inward 
stroke ; and consequently the factor of safety must be a large one. 
The safe stress per square inch at this section for steel piston-rods is 
8000 lbs. per square inch. At the other end of the piston-rod, where 
the rod is turned down to take the nut, the weakest part is of course 
at the bottom of the screw-thread. It will be noticed, however, that 
this part is subject to tensile stress only. 

Cross-heads. — The cross-head forms a head for the purpose of pro- 
viding a bearing or support at the outer end of the piston-rod, and 
to which the connecting-rod is attached 
by a pin passing through the cross- 
head. This pin is sometimes called 
the gudgeon. The cross-head varies 
considerably in design, depending on 
the shape of the guides and on the 
extent to which adjustments are fitted 
for taking up wear on the brasses and on the guides. 

The cross-head and guides prevent the oblique thrust or pull of 

half Elevation 




¥m. 302 . 

the connecting-rod from bending the piston-rod. This can be seen 
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by reference to Fig. 301. When the piston is being impelled forward 
so that the rotation of the crank-pin is clockwise, then, if the con- 
necting-rod makes an angle 0 with the centre line as shown, the 
resistance at the crank-pin C causes a backward thrust Q through the 
connecting-rod, which may be resolved into two forces, one, = P, 
tending to compress the piston-rod, and the other acting normally to 
the guides, as shown by T. 

Then Q = VP' + 
also P = Q cos ^ 
and T = Q sin 6 

Again, when the piston is being driven in the. opposite direction 
by the steam, the resistance of the crank-pin causes a downward pull 

on the cross-head end of the pis- 
ton-rod, the tendency again being 
to cause a downward thrust upon 
the guides. 

If the engines are made to ro- 
tate in the opposite direction, the 
conditions will be reversed, and 
the thrust T will be always up- 
wards for both strokes of the 
piston, instead of downwards as 
before. 

It should be noticed, also, that 
when the crank-pin drags the 
piston — as it does, for example, 
when steam is shut off while the 
engine continues to rotate — the 
direction of the thrust on the 
guides is reversed; hence the ne- 
cessity for a top and bottom 
guide-bar under all circumstances. 

The amount of thrust on the 
guide-bar, that is, the value of T 
in Fig. 301, varies according to 
Fig. 303. the angularity 0 of the connect- 

ing-rod, and to the position of the 
point of cut-off in the cylinder. The thrust is greatest when the 
crank is at right angles to the axis of the piston-rod, providing 
cut-off does not take place before half-stroke, and is reduced to 
nothing at each end of the stroke ; hence the guide-bars wear hollow 
in the middle, and arrangements should be made for removing the 
guides and trueing them up. 

It is usually important, in horizontal engines, that the engine should 
rotate in the direction in which the thrusts of the cross-head are 
taken upon the bottom guide-bar. This is especially so for the sake 
of efficient lubrication. 

When engines are required to rotate in either direction equally, 
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the surfaces in contact between the block and the guide are made 
equally large; but when the engine is intended to rotate always in 
one direction, or nearly so, as in the marine engine, electric light 




engines, and mill engines, the surface on which the thrust comes is 
made sufficiently large, while the opposite surface may be much 
reduced, as in the case with the slipper or shoe-guide (Fig. 304), the 
prevailing direction of the thrust being taken on the largest surface 
of the block. 

It is necessary that the cross-head should overrun the guide a little 




Fig. 305. 


at the end of the stroke, so that no ridge may be formed by wear, 
which would cause trouble if any slight change were made in the 
length of the connecting-rod due to wear or adjustment of brasses. 
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Fig. 305 represents one of the most used types of cross-heads and 
slide-blocks, and one which is only being displaced by the necessity 
of differently constructed engine frames to meet the greater working 
stresses due to high steam-pressure and more rapid reciprocation ^ oi 
moving parts, rather than by any inherent defect in construction 
or performance. It is essentially the locomotive pattern of twen^ 
years ago, and was exclusively used for large -fixed engines. 
surfaces in contact with the slide-bars can be increased, so as to 
very low working pressures without unduly increasing the cross-head 

and gudgeon. , , ^ j j-n 

Figs. 304 and 305 are examples of what might be termed the 
marine type of cross-head, for it is universally used with the slide-bar 
attached- to the back standard of marine engines. The head is forged 
solid with the piston-rod. The slipper is made adjustable, and can 
be packed out from the head \ or the slide-bars can be packed up 
from the standards, and the top strips let down. 

Fig. 306. This cross-head is used between channel slide-bars, and 
also m the Corliss type and with other trunk beds. Adjustment for 




wear is obtained by taking out the liners and drawing the slippers 
up the inclined faces. The cross-head is usually made in cast steel, 
and the slippers are cast iron. 

Fig. 307 is a good example of a light cross-head suitable for 
high-speed engines. The wearing surfaces of the cross-head are 
large in proportion to the diameter of the piston-rod. The gudgeon 
is fitted with an oil-box, which is drop-fed in vertical engines, and 
wiper-fed for horizontal engines. The gudgeon is cut away at each 
side so as to form a relief corresponding to the recess in the brasses, 
and to give the wearing surfaces an over-run, and so prevent the 
formation of a shoulder when the gudgeon wears. i 

The slippers are secured by studs, which are riveted on the wearing 
faces and suitably filed clear so as not to have contact with the 
slide-bars 

The cone attachment of the gudgeon is a good feature, and makes 
a very solid arrangement. The split cone allows the gudgeon to be 
always held true, and any slack to be taken up truly. 

The sides of the cross-head are prevented from closing under the 
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nip of the gudgeon nuts by projecting nipples on the slippers. The 
slippers can be adjusted by inserting sheet-brass when necessary. 

The best designs of cross-heads have low pressures on the slipper 
face, and if kept below 40 lbs. per square inch, adjustments are almost 
an unnecessary complication. 

The pressure on the guide surface should not exceed 100 lbs. 
per square inch as a maximum. The maximum pressure on the cross- 
head pin should not exceed 1200 lbs. per square inch of diameter x 
length. 



Fig. 307. 


The Cohnecting-rod. — Figs. 308 to 311 show designs for a connect- 
ing-rod of the marine type. This design is also largely used for land 
engines, both horizontal and vertical. 

The weight of this type of connecting-rod is less than that of other 
types suitable for the same size of crank-pin. It is especially suitable 
for high-speed engines, on account of the smaller amount of crank- 
balance required. 

The interspace between' the cap and body of the large end is 
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usually fitted with brass fillers, as shown at A, Tig. 310; the fillers 
are retained in place by small studs as shown, and they can be 

withdrawn when the rod- 
end requires adjustment 
by slacking out the main 
nuts, and lifting the fillers 
off the studs without re- 
moving the studs. This 
saves taking down the 
whole of the large end, 
and effects a great saving 
of the time required to 
adjust the brasses. 

All brasses forming a 
semicircle tend to close 
upon the pin when 
heated, unless forcibly 
prevented. In this de- 
sign the brasses are held 
in place by side screws 
and by the packing be- 
tween the brasses. 

In order to further 
minimize the risk of clo- 
sure of brasses upon the 
pin, it is usual to cast 
or cut away recesses, as 
shown at c, Fig. 309. 
The surface need not be 
cut away through the 
Fig. 308. whole length of the bear- 

ing, for the oil is retained 
better if the recess is stopped at each end about i to J in. from the 
beginning of the radius of the crank-pin junction with the crank- 
webs. 

In large end connecting-rod brasses for 6-in. crank-pins and 
upwards, babbit metal strips are fitted in slotted recesses, as shown 
in Fig. 308. The surface of the babbit strips is usually left projecting 
~ in. above the surface of the brass. The bolts bear on each side of 
the brasses, and are usually relied upon to prevent the brasses from 
turning when the packing pieces are filed thin. 

Fig. 312 shows a fork-ended connecting-rod with outside bearings 
for attachment to a solid cross-head. It was a type largely used 
some years a^ on Lancashire mill engines, but is now largely dis- 
placed by more direct and less expensive forms of connecting-rods. 
The higher speeds and pressures of to-day necessitate the line of 
pressure between cylinder and crank-pin being maintained as nearly 
in a straight line^as possible, hence the success of the single-piston 
rod-brass as against the double set of brasses of the forked connecting- 
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rodj with the flat beds and wide- spreading gudgeons of some years 
ago. In the latter type it is almost impossible to maintain the 
perfect alignment of the connecting-rod, and if the brasses on both 
sides are not adjusted exactly similarly, the work is liable to be done 
on one side of the fork only, in which case fracture at the root of 
the fork may occur. 



!Fig. 313 is an example of the best type of forked connecting-rod 
end, and is used in conjunction with Fig. 311. Great care must be 
exercised in forging this type of rod end, so that the grain of the iron 
follows the jaw. If the grain crosses the forked part of the rod end, 
•flaws are often developed, and in view of this it is well to allow a 
little greater factor of safety at these points. 

Fig. 314 shows a connecting-rod suitable for 10" x 10" X 16" double- 
cylinder portable engine. The large end is a simple form of strap 
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type connecting-rod. The taper cotter is used for adjustment in 
conjunction with an equal- 
taper gib, which holds the 
end of the strap and prevents 
it from opening. 

The gib and cotter together 
form a parallel couple, and 
in adjustment maintain the 
alignment of the connecting- 
rod. Two gibs are some- 
times used, one on each side 
of the cotter, the taper on 
the cotter in this case being 
halved, and the gibs being 
made with the same taper. 

For very high speeds the 
strap type is not so good as 
the marine type, for it has 
a tendency to bend under the 
throw of the connecting-rod, 
and, so opening out, to leave 
the brasses a slack fit. When 
the strap type is used the strap 
must be made extra strong, as 
in the locomotive connecting- 
rod, Fig. 315. The small end ’ Yig. 313. 

of the connecting-rod is solid, 

and suitable for trunk guides. The adjustment is by a fine threaded 






Fig. 314. 
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screw, and is satisfactory for small engines, but not suitable for 'very 
great pressures, owing to the small area of the thread on the screw. 
The thread must be 
a fine vee thread, 
to prevent slacking 
out under the re- 
peated loadings. 

The brasses in all 
these examples are 
sho'wn close-fitting 
at the joint, or, as 
it is usually termed, 
metal to metal. 

In cheaper classes 
of machinery it is 
usual to machine 
the brasses solid, 
and when they are 
fitted, to part them 
with a narrow tool, 
and fill the space 
with wood or leather 
strips. 

Pig. 315 shows a 
locomotive connect- 
ing-rod end of the 
strap type. It will 
be noticed that the end is proportionately much stronger than the 
preceding example, and is the outcome of locomotive experience in 
actual working. The surfaces of the brass are recessed, and the 
recesses are filled with babbit metal. The inner surface of the bear- 
ing is radiused to suit the crank-pin, which is made of a gradually 
reducing section to avoid sudden changes of section. 

Figs. 316, 317, and 3l8 show designs for the large end of a con- 
necting-rod suitable for engines having overhung crank-pins, as in 
the disc type. 

The adjustment can be placed at the inner or outer end of the 
brass, so as to give adjustment in either direction. All connecting- 
rods should be designed so that the large and small end adjust- 
ments act in the same direction, and thus practically maintain the 
centres of the crank-pin and gudgeon at a constant distance. When 
the cylinder clearances are cut down to ^ in. or y^in., the length 
of connecting-rod must remain approximately constant. When 
connecting-rods (Figs. 316, 317, and 318) are used, the crank -pin 
is fitted with a loose cap, having a nipple going into the recess 
in crank, and held in place by studs and nuts. The connecting-rod 
end is put together complete and passed sideways into the crank-pin, 
and the cap then put on the end of the pin, 

A great advantage is obtained in having the connecting-rod made 



Fig. 317. 
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Fig. 818. 



all in one piece, without loose 
attachments, such as caps, straps, 
etc., for should the adjusting 
pieces slack back or fly out, the 
connecting-rod cannot get adrift 
entirely. 

Fig. 319 gives a design of a 
large end for the connecting- 
rod . used on the inside crank 
of the Webb Compound loco- 
motive, and competes closely 
with the marine type connect- 
ing-rod end for general adap- 
tability and lightness. 

Fig. 320 is the large end 
of the connecting-rod for Sis- 
son’s high-speed double-acting 


engine, showing a spring self- 
Fiq. 319. adjustment, keeping the brasses 

always up to their work, and 
enabling the rod to yield in cases of accidental heating. 

Main Bearings. — The main bearings carry the crank-shaft, and 
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through them the stresses due to the steam-pressures on the piston 
are transmitted to the engine framing. 



Tt is important that the main bearings should be set so as to 
maintain the true alignment of the crank-shaft, and they must be 
so fitted that when wear occurs the brasses may be readily removed 
and adjusted to prevent distortion of the shaft. 

For large main bearings, such as are used in marine work, the 
bottom brass of the main bearing is preferably made concentric with 
thcj shaft, so that it may be revolved round the shaft and removed 
without taking out the crank-shaft. 

To prevent heating of bearings, it is important that the bearing 
surface should be sutlicient to prevent undue load, p, per square inch 
of benring surface, reckoned normal to the load, namely, = diameter 
of journal x length of bearing. The pres- 
sure on main bearings varies from COO lbs. 
per S(juare inch for slow engines, to 400 lbs. 
for quick-revolution engines (Unwin). 

The nature of the material of the bearing 
has much to do with its satisfactory work- 
ing. The “ l)rasscs ’’ should be made of a 
nu^tal which will easily stand a pressure per 
s(|uare inch greater than that likely to be 
brought upon tlic bearing ; at the same time 
it should be a comparatively soft metal, so 
as to reduce the possibility of injury to the 
shaft by heating and seizing of the shaft 
and l)eai‘ing. 

According to experiments made by Mr. J. Dewz’ance, he concludes 



Fig. 321. 



«The proper point to introduce the oil is just above the joint of 
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the bearing at the side (Fig. 321). There the oil is distributed over 
the shaft and carried to the point of greatest pressure. ... It is 
desirable that each half-bearing should have its own supply of oil.^^ ^ 

Pig. 322 is a good example of a main bearing as used on high-class 
fixed engines. 

The main frame of the engine can be cast solid with, or jointed 
to, the main bearing as shown. The bearing is fitted with Eabbit 
metal in suitable recesses, care being taken that no part of the 
cast-iron shell is in contact with the shaft. 

The bearing is in four parts, and is fitted with two wedges at each 
side, which permits of a ready adjustment of the bearing after wear. ► 

The cap is clipped over the -upstanding jaws of the main pedestal, 
and when bolted down it makes practically a solid eye, in which 
the main bearing is gripped. 

The bearing is lubricated by sight-feed lubricators. In large 
bearings the cap is usually cored out so as to form a tallow-box. 
and the lubricators are attached to a cover, which can be easily removed 
if desired to inspect the bearing while the engine is in motion. 

Engine Frames (Fig. 323). — In designing the frame of an engine, 
care is taken to distribute the material so as best to deal with the 
stresses transmitted from the piston to the crank-pin. 

Formerly in horizontal engines the cylinder-guides and main 
bearings were bolted separately on the bed, which was itself out of 
the line of stress, and was subject to a bending action at each stroke 
of the engine. The modern engine frame is designed with more 
regard to the work it has to do, taking the stresses as direct as 
possible and more nearly in the centre line of the frame. Figs. 323, 
324 are details of the engine-bed for a horizontal mill engine. 


! 




In vertical engines, especially for the navy, the dimensions and 
weight of the engine framing have been greatly reduced compared 
with the older class of engines (see the chapter on '^The Marine 
Engine This has been possible by the introduction of a high quality 
of steel and steel castings in the place of wrought iron and cast iron. 

^ Proceedings Inst. C.JE., vol. cxxv. p. 359. 



CHAPTEB XVIIT. 

FRICTION OF ENGINES. 

If an indicator diagram be taken when there is no load on the engine, 
an attcmiatcd diagram will be obtained, enclosing a work-area 
rc^presenting the work required to drive the engine itself against 
its own friction. 

h^'rom experiments made by Dr. Thurston, it was shown that, under 
usual conditions, and at all ordinary speeds and steam-pressures, the 
friction of the engine remains practically constant, and that the 
friction-card of the engine when unloaded represents also the friction 
of the engine when fully loaded. 

Th(iso conclusions have been frequently confirmed, and the 
following diagram giving the results of trials of a compound Willans 
engine illustrates the same fact, namely, that there is practically a 
constant or a nearly constant difference at all loads between the I.H.P. 
and the B.H.P. of an engine. 



The mechanical- effi^eiencji curve is drawn for any engine by taking 
the value of B.H.P. 4- I.H.P. for various mean pressures, and setting 



276 STEAM-ENGINE THEORY AND PRACTICE. 

up the value of the fraction to a vertical scale of percentage. By 
joining the points thus found the curve is obtained. 

From Fig. 325, we see that at a mean pressure of 9 lbs. per square 
inch (referred to the L.P. piston) the efficiency was only 50 per cent., 
while at 50 lbs. mean pressure the efficiency was 93 per cent. 

It will thus be evident that, so far as the mechanical efficiency 
is concerned, an engine should be worked up to its full load to obtain 
the maximum efficiency. The friction of an engine does, no doubt, 
to some extent increase with the load, but the proportional increase 
is so small as practically not to affect the result. The above remarks 
assume perfect efficiency of lubrication. 

Dr. Thurston gives the following values for the relative di.^tribution 
of the friction in an engine with a balanced slide-valve : Main 
bearings, 47*0 per cent. ; piston and rod, 32*9 ; crank-pin 6*8 ; cross- 
head and wrist-pin, 5*4 3 valve and rod, 2*5; and eccentric-strap, 
5*3 per cent. 

The frictional resistance of engines in general varies from about 
8 per cent, to 20 per cent, of the full power. 

Mr. M. Longridge estimates that the total internal frictional resist;- 
ance in driving the engine itself unloaded is equal to a pressure varying 
from 2 lbs. to 3J lbs. per square inch of low-pressure-piston area. 


CHAPTER XIX. 

BAI.ANCING THE ENGINE, 

the iritrocluc-tiori of high t*otational speeds, the question of the 
balancing of engines to pi*event vibration has been much con- 
sidered. 

If the luoviiig parts of an engine could be perfectly balanced, then 
the engine!, if suspended, could be made to rotate in mid-air without 
any motion du(^ to inertia of the moving parts. But ordinary engines 
arc far from Ixiing j)erfoctly balanced, and the inertia of the moving 
parts of high-Hpe(Hl engines causes large and rapidly varying stresses 
in the frame and foundation of the engine. 

By the application, however, of properly placed and properly 
proportioned balance-weights, combined with care in the general 
design, much can be done to reduce vibration to a minimum. 

Effect of Inertia of Reciprocating Parts.'— Considering first ^ the 
eifects on vibi'ation of the inertia of the reciprocating parts. 

In Fig. M2(], suppose the piston to be at the end A of the stroke, 
and the crank to bo on the dead centre ; then if steam be admitted, 



and the total force on the piston is equal to 4000 lbs., this force acts 
pressing on the cylinder-cover and piston equally. There is then 
a stress of 4000 lbs. acting in the bed-plate, the pressure on the cover 
pressing the engine to the left, and the pressure on the piston 
pressing the engine to the right, acting through the crank on the 
main l)earmg. The forces are equal and opposite, and cause a stress 
in the engine, but do not tend to move it upon its foundation. 
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Bab when the piston moves, part of the steam-pressure acting 
on the piston will be absorbed (as we have previously seen) in 
accelerating the piston and the other reciprocating parts, and will 
not be felt on the crank-pin. Suppose that the amount of such 
pressure absorbed is 500 lbs. ; then we have 4000 lbs. acting on the 
cylinder-cover, pressing the engine in one direction, and 4000 — 
500 = 3500 lbs. pressing against the crank-pin in the opposite 
direction, making a net stress in the bed-plate of 3500 lbs., and a 
further pressure of 500 lbs. tending to press the engine to the left. 

The difference between the pressure on the cylinder-cover in one 
direction, and the pressure on the crank-pin in the opposite direction, 
gradually diminishes up to about ' half -stroke — depending on the 
length of the connecting-rod — where it becomes zero, and beyond 
this point the force is in the opposite sense, owing to retardation of 
the reciprocating parts ; and the tendency now is to push the engine 
to the right, owing to excess of pressure on the crank, the difference 
gradually increasing to the* end of the stroke. 

On the return stroke the excess of pressure on the bed owing to 
the acceleration of the piston is still towards the light, and remains 
so, though to a gradually decreasing extent, to mid-stroke, when the 
force again changes in sense, gradually increasing to a maximum to 
end of stroke. These effects are clearly shown by the diagrams 
which follow. 

The effect of compression or cushioning of the steam in the cylinder 
during the retardation of the reciprocating parts is to remove the 
retarding force (acting as driving force) from the crank-pin and 
transfer it to the cylinder, where we now have, however, the same 
net result on the engine frame, only the stress is applied to the 
cylinder-cover instead of to the crank-pin. In this way the stress 
due to retardation is removed from the crank-pin at a time when the 
force so acting is not acting as turning effect, and the work of 
retardation is stored up instead in the compressed steam ready to act 
on the piston during the return stroke. 

Effect of Unbalanced Eotating Parts. — A further cause of tendency 
to rocking of the engine and vibration of the foundations is the 

centrifugal force of the rotating 
parts acting at the main bear- 
ings, consisting of the un- 
balanced portions of the crank- 
shaft itself, and including a 
portion of the weight of the 
- connecting-rod. 

Dealing first with the crank- 
shaft itself, the extent of the 
W 

Fig. 327. ’ centrifugal force = - coV, where 

r = radius in feet of centre of gravity of unbalanced parts about 
axis of rotation, w = velocity in radians per second. 

To take an actual example. Pig. 327 is a sketch of a small crank. 






^ 2 % 



*— 
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™iid“g°hZriud 1 = X + (« X 8)} 2 X 0-28 lb,. 
= 55 lbs. 

Weight of two arms = 110 lbs. 

1 = (*• X »■'» X 5) X 0.28 Ib. 

= 17 ‘6 lbs. 

To find centre of gravity x of unbalanced portion of crank 


(Fig. 328) ~ 


(no X 3) + (17-6 X 6) = 127-6 x a; 

x = 3*4 inches 


Referring this to the crank-pin, that is, finding the equivalent^ 
weight {x) acting at a radius of rotation equal to that of the crank- 
pin — 

127-6 X 3-4 = a; X 6 

03 = 72*3 lbs. 

The centrifugal force F acting on engine bed at three hundred 
revolutions 


32 

~ 32 ^ V 60y 
= 1114 lbs. 

Secondly, if a portion of the mass of the connecting-rod be con- 
sidered as concentrated at the centre of the crank-pin, then the total 
centrifugal force is increased in direct pro- 
portion to the increase of mass. 1 

The forces producing the effects above p x— , 

referred to may be approximately balanced, | 

so far as concerns the stresses parallel to ' 

the line of stroke, by addition of rotating 22 g 

counterbalancing masses, so arranged that 

the forces set up by them during rotation ^are together equal and 
opposite in their effects to the forces they are intended to balance. 

The balance cannot 

be obtained by means X \ 

of a single mass, be- / \ / \ 

cause it could not be / \ / \ 

placed directly opposite \ ^ I 

the centre of the crank- 11:.)-., 

pin, and if the balanc- T | y I fl 

ing mass is not in the \ ^ | / i \ As ' / 

plane of the force "to \ I ' / } \ ' / 

be balanced, an un- I \ / 

balanced couple is pro- { . I I 

duced which itself sets ‘** ® ^ ^ ^ 

up vibration on a plane 
at right angles to that of the original force. 


E 


Fig. 329. 
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This difficulty is overcome by dividing the balancing mass and 
distributing it on each side of the crank in accordance with the 
following principles : — 

The extent to which balancing masses should be added depends upon 
circumstances, to be more fully considered presently ; but suppose it 
is decided to balance the mass W^, which is equivalent to the follow- 
ing masses, all supposed to be concentrated at the crank-pin and to 
rotate at the crank radius, namely, unbalanced part of crank-webs -f 
crank-pin A- ^ proportion (say 80 per cent.) of the mass of the connect- 
ing-rod -h half mass of reciprocating parts. 

Let balancing masses W 2 and W 3 be placed on the wheel rims, 
opposite the crank, so that — 

Win = W^n -f Wan 

This secures a balance of the centrifugal forces ; also — 

Won X a = Wgn X h 

This prevents the formation of a couple tending to turn the engine 
about an axis in a plane at right angles to the engine-shaft. 

For the case of a two crank-engine, as a locomotive (Fig. 330), the 

same principles are ap- 

1 == 1 plied. Thus, let W' 

and W' (Fig. 331) re- 
present the mass at the 
respective crank-pins 
requiring to be ba- 
lanced. Then, taking 
each crank separately, 
the two balancing 
and w.y are 
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Fig. 330. 


masses m. 


placed in the wheels 

so that Wr' — w.jr .2 + also so that w^r^a = 

It will be seen from the last equation that the heaviest balancing 
mass is placed in the wheel nearest to the crank to be balanced. 

Similarly, balancing masses and Wg will be placed one in each 
wheel respectively, and opposite to the mass W", and these weights 
are proportioned as already explained. Thus in each wheel there 
are two balancing masses, the heavier belonging to the near crank, and 
the lighter to the far crank. 

Instead of having two separate masses in one wheel, a single resultant 
mass may be substituted. Thus, suppose that in an actual example 
the large mass required is 252 lbs., and the small mass 92 lbs., then 
the resultant mass is found graphically as shown in Fig. 332, both in 
magnitude and direction, and — 

R2 ^ (252)2 + (92)2 
E = 268 lbs. 


As a design which reduces the necessity for counterbalancing 
mass(js in the wheels of the locomotive, may be mentioned that for 


^ glancing the engine. 281 


tlii, Glasgow aiicX Soutli-Eastern Railway by Mr. Manson, wMch 



consists ()f four RigH-pressure cylinders all working on one axle. Two 
placed inside under the smoke-box, driving on the 
cranked axlcj, and two outside, driving on crank- S 
pins on the^ di’iviiig-'wheels. On each side the out- ci 
side crank is opposite the inside crank, so that the ^ 
reciprocating irutsses balance each other (except for 
the effect of tho shortness of the connecting-rod). 

Diagrams of Unbalanced Forces for a Single-crank Engine.^ — The 
following diagrjxnis illustrate the means of representing by a curve 
the direction and magnitude of the forces acting on the engine-bed 
of a single-crank: engine. 

1. 'I’he centrifugal force due to the rotation of the unbalanced 
portion of the crank-shaft : — 

Draw a circle from centre A with radius AB (Fig. 333), the length 
of AB representing to scale the centrifugal force due to the un- 
balanced portion of the crank-shaft itself = — wV, where W = weight 

of unbalanced portion of crank-shaft referred to crank-pin, and 
r = radius of crank-pin path in feet. 

Taking the same values for W and r as are given for Fig. 327, then — 

Length of AB == ~ (oV 

^ (27r X 300)-- ^ 

32 ^ (60)2 ^ " 

== 1114 



252 LBS. 

Fig. 332. 


* Soo also “ G-raphio Methods of Engine Design,” by A. H. Barker. 
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This length is then measured from the scale 
the figure, and the circle through B is drawn. 


LBS 


1000 


2000 


3000 


4000 



shown by the side of 
The numbers marked 
on this circle represent 
the several positions of 
the crank-pin during 
its rotation about centre 
A. It is important that 
these figures should be 
marked on the draw- 
ing, in order to follow 
the operation clearly. 

2. The force required 
to accelerate the con- 
necting-rod may be esti- 
mated by a separate 
construction ; but it is 
convenient in practice 
to consider patt of the 
connecting-rod as con- 
centrated at the crank- 
pin, causing a propor- 
tional increase of cen- 
trifugal force in the 
crank, and part at the 
cross-head, as addition 
to the mass of the reci- 
procating parts. The 
proportional distribu- 
tion of the weight of 
the connecting-rod is 
determined by finding 
the centre of gravity, 
G, of the rod, as at Big. 
334, and dividing the 

mass so that Mgp is 


centred at the crank-pin, and M^p at the cross-head.^ 

In accordance wdth this method, a distance BC, Fig. 333, is set off 

W 

from B equal to the centrifugal force of the added weight = — 

GP ^ 

where W == of the mass of the connecting-rod, and r = the 

crank-pin radius in feet. 

Thus, for the engine under consideration the mass of the con- 
necting-rod = 80 lbs., and (Fig. 334) if ^ = 0*8., then 80 x 0*8 = 
64 lbs. ; also, since IN' = 300 revolutions per minute — 


^ Effects of gravity are neglected. 
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7"’'=SxKoyx*=»«' 

= length of BC to scale 


and the circle of radius AC (Fig. 333) is drawn representing the 
total constant centrifugal force acting through the crank and in the 
direction of the crank on the main bearing. 

3. The force required to accelerate the reciprocating parts of the 
engine is represented for crank position AB (Fig. 333) by the vertical 
line CD, and the vertical 
lines throughout the figure 
beyond the circle through 
C represent this force for 
the various crank-pin posi- 
tions during a complete re- 
volution, being a maximum 
at crank positions 0 and 6, 
and zero at or near crank positions 3 and 9 depending on the length 
of the connecting-rod. 

To obtain the value of this force CD for any position AB of the 
crank, the construction due to Klein, and published in the Journal 




by the scale of force for position AB of the crank — 

Let mass of reciprocating parts, includ- 1 _ ^[35 

ing 20 per cent, of connecting-rod j ^ ^ 

Force to accelerate reciprocating parts = — ^ ^ 


OE 

g \ OU/ OC 
= 2218 lbs. 

= CD (Fig. 333) 


In the same way this force may be calculated for all points of the 
crank-pin path, taking in each case the respective values foi 
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OE -f* 00 obtained by Klein’s method. In Eig. 336 the diagram is 
drawn for another position of the crank. The reference letters 




Fig. 337. 


are common to both figures. When the crank is on the dead centre, 
the construction becomes as shown in Eig. 337. 

If the respective values of OE at various positions of the piston 

stroke are set off above and below 
a horizontal base, as at OE' (Eig. 
338), then a curve AB of accelera- 
tion of reciprocating . parts is ob- 
tained, which is the same as that 
already described on p. 242. 

An algebraic expression which is 



Fig. 338. 

very nearly exact for the force accelerating the piston is— 

1 


W O ( 

— (o-r 
9 V 


cos 0 — cos 20 


in which n is the ratio of the length of the connecting-rod to the 
crank radius, and 0 is the angle turned through by the crank-shaft 
measured from the inner dead centre. 

Applying this formula to find the length CD (Eig. 333) when the 
crank is at 30° — 


Acceleration at 30^ 


= cos 30° + ± cos 60' 
V _ n 

= {^ + (I X 

= 0-977wV 
W 

Then CD = — wV X 0*977 


^ (oV 


Prof. Dunkerley gives ^ the following useful geometrical construc- 
tion exemplifying this formula : — 

Let the outer circle (Eig. 339 be drawn to scale, with radius AB 
= r, and let this represent to a force scale wnere W = weight 

^ Engineering^ June 2, 1899. 
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of the recipi’ocating parts. Draw two small circles touching at tho 

centre A, having tiieir difunetcu-s along 

the line of stroke, and so that tludr ^ ^ 

radius AE = ^ times tho crank radius. / 


Then angle GEF = 2('anglo GAE) 

= 2 ^ 

and CD is made = EF 

r (cos0 + icos 2(9) = AO + E;F = AT) 

that is, tho force of acceleration of t.he 
reciprocating parts for any crank posii.ion 

B = ^ Gh' X ^ forcyo scale. 

g AB 


An EF 


Fid. :w. 


Mr. J. W. Kershaw gives the following cojivmiient. g<‘oijiet rica.1 
construction for obtaining six points in tli(‘. curv(5 (I<Mg. tlB)) : 



Fia. :140. 

The inertia lino CD is first drawn in the usual way for the 

W 

infinitely long connecting-rod, making AT) = BC =r“ - -orV. 

Points E and P in the curve are obtained by making I) 1^1 r-: CF 
= - AD, where n = ratio of connecting-rod to crank radiun = d : 1 in 
this case. 

To find two more points, namely, for positions 45^ and 1 3"/’ of the. 
crank: first find the piston position R for crank at 45' wit-h an 
infinite connecting-rod— that is, make KR = ON ; then find trm^ 
position H of piston with short connecting-rod— that is, make 
PH = OK. But force duo to inertia at R for inlinit^^ eonncnding- 
rod is known, and is equal to RT. Draw a pm'pmidicular from If, 
and make HS = RT ; then 8 is a point in the curves Tins Kaimt 
construction is followed to find S'. 

Point S" is obtained by drawing crank position OP" at 110% and 
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finding corresponding piston position H'' for short connecting-rod j 
then draw H"S'' perpendicular to AB, making H 'S' = ED. 

The point Y is obtained as in Fig. 283. 

Then the six points E, S, Y, S", S', F are found, and a free curve is 
drawn through them. 

Then for any crank position P', P", P, etc., the force due to inertia is 
obtained by measuring the height HS for the corresponding piston 

W HS 

position H, and finding the value of — a>V x -rTf* 

Q jffLU 

The proof of this construction for the positions of points S, S'', S' 
respectively is as follows : Using for the force F due to inertia for 

any angle 6 of the crank the formula F = — wVl cos ^-f--cos 20\ 

Q \ fi / 


COS 90° = 0, the last term disappears. 


then for 45°, since cos 2^ ; 

W 

and F is now = cos (9, which is the same as for the infinitely 

long connecting-rod ; therefore HS = PT. 
at 135°. 


Similarly, H'S' = E'T' 
When 0 = 90°, as for crank position OP", then — 

(cos 90° + ~ cos 180°^ 

(•>-3 


w 

F = -~coV I 
0 

W 

I 

9 




because cos 90° = 0 ; and cos 180°=— 1. Therefore for crank 
position 90° — 

F = -<o2r ( -i") = FC = DE = H"S" 

g \ nJ 


Plaving obtained, by any of the above methods, the value of the 
forces for the several points in the crank-pin path, and the direction 
and magnitude of the resultant at each point, then by joining the 
extremities of the resultants, as at 1', 2', 3', etc.. Fig. 333, we obtain 
the full curve A'. 

This curve shows very clearly what are the magnitude and 
direction of the resultant forces acting throughout the revolution ; 
thus, supposing the engine to be vertical, and the crank to be turning 
clockwise about centre A, then the vertical components acting 
upwards upon the engine-bed are seen to be a maximum when the 
piston is at the top of the stroke, gradually decreasing to zero at about 
mid-stroke, and again gradually increasing in a downward direction 
towards the bottom of the stroke. On the return of the piston from 
bottom to top of the stroke, the vertical forces still continue in the 
same downward direction, gradually decreasing to zero at about 
mid-stroke, after which they change direction and again become 
a maximum in the upward direction at the top of the stroke. 

The gradual way in which these changes take place is shown by 
the smoothness of the contour of the curve. 
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Effect of Addition of Balancing Masses. — Suppose masses added 
to the crank, as shown in Fig. 341, which will produce forces equal in 
magnitude and opposite in direction to the unbalanced portion of the 



Fro. 341. 


crank-shaft. The effect of this will be that the force represented by 
AB, Fig. 333, will be neutralized, and this circle will therefore dis- 
appear from the figure. 

The remaining forces BC, CD (Fig. 333) are set off in magnitude 
and direction as before (Fig. 342), commencing with .BC = the centri- 
fugal force due to the portion of the connecting-rod supposed concen- 
trated at the crank-pin, and which is measured from the centre, and 
drawing CD as before, for the acceleration due to the reciprocating 
parts. 

The original curve A' will thus be reduced to curve B' by finding 
the new resultants for magnitude and direction, and setting them off 
from the centre B of Fig. 342 for the successive crank positions. By 
ioining the extremities of the new resultants, the reduced curve of 
forces, curve B', is obtained. 

To carry the balancing still further, suppose balancing masses 
added sufficient to balance not only the unbalanced portion of the 
crank, but also the whole mass of the connecting-rod. 

Deferring to Fig. 343, the balancing force now required -will be 
= AB, which represents the amount required to balance the crank- 
shaft itself, plus BC, the portion of the connecting-rod supposed to 
be concentrated at the crank-pin, plus CE, the further force required 
to balance the remainder of the connecting-rod. 

The conditions are now as follows : AD (Fig. 343) is the resultant, 
as before, of the original forces for position AB of the crank ; and 
we have now to find the resultant effect of two forces, namely AD 
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and that due to the balancing mass, whose centrifugal force = AE 
acting in a direction opposite to the crank. 

This resultant is obtained by joining E to D. Then ED is the 
resultant required for crank position AB. In the same way the 
resultant may be found for successive positions of the crank. 

If now lines be laid off from centre A, equal and parallel to the 
respective resultants, in the same way that A1 is drawn equal and 




parallel to ED, the successive points 1, 2, 3, etc., will be obtained 
through which to draw the force curve O'. Care must be taken to 
work round the crank positions in successive order, and to mark the 
corresponding crank number on the force curve. It will be noticed 
that the numbers on the force curve C' — when drawn in accordance 
with the direction of the resultant — have changed sides, and that 
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iiey procood round tlio 
it (furvo A' 343). 

iiy fiirfiluM* hHl;uu*in<i^ mans 
y will })(H*oino naU.(‘r 
orticaJly and nion‘ 
xi.t‘iid(M{ hoi’izoidu'illy 
se(‘, (un*v<‘. I)', d id). 

!di(^ (^xUait to wliudi 
iich l)n.Iancin<j; should 
)0 carried will d(‘p(‘nd 
ipon. the judjL^UKuit of 
ih(^ (Icsi^rHu*. 

Curve !>' 341) 

las l)cuui drawn foi' a 
jalaiuu^ W(‘i^lit. \vhos(‘, 
‘(uitrifuji^al fon^e is i*(v- 
)r(\s(‘nte<l hy tlu^ radius 
>f the cir(d(‘. M. Th(‘S(v 
lia^rains show how th(^ 
probhuu of halaiudnf^ 
is aHectc^d hy the. sp(H*d 
of rotatiori, for siiuu^ all 
t\w fonu^s an? 
tional to (dV, tlu^y in.”- 
cn^astj in magnitude as 
th(% H(|uan‘, of tlu^ angu- 
lar velotaiy, and ordy 
direcdJy as ilu^ radius, 
and ther(*fore an in- 
croase of revolul.icnis per 
minute rapidly increase's 
tdn^ niia^nitinhj of tlui 
forces curves 

The ordimuy quick- 
revolution en<^iric for 
olcndiric li|[ijhtin|^ runs at 
from two hundred to six 
liundred revolutions per 
minute accordin|^ to 
size, hence the great 


figure in tlie ^ opposite direction to those 
hrom this it will he evident that if 
is added, the result will be that curve 
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Fig. 844. 


importfinee of attention to lialancing in such engines. 

Curves showing V ertical Components of Unbalanced Forces on Foun- 
dations of Vertical Engines due to Inertia of Moving Parts. — The 

diagrams constructcMl in the form of an ellipse in Figs. 333, 342, 343, 
and 344 may he drawn on an extended base (representing the unfolded 
cnink-pin path), the vertical resultants of the forces for each successive 
position of the crank being use3d as ordinates, which when joined form 
a scries of wave-like curves. 

By tins form of representation the net upward or downward 
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SINGLE CRANK 


LBS 



-4— 270-- 360-“^ 


Fig. 345. 


pressure on the foundations resulting from combinations of engines on 

one crank shaft may Be 
well seen. 

Single-crank Vertical 
Engines. — Fig. 345 
shows a curve, AA, 
which is drawn by first 
taking a horizontal line, 
XX, to represent the 
unfolded crank-pin path, 
and dividing it in a 
scale of degrees. Then 
for any number of posi- 
tions of the crank, a 
vertical line is set up 
representing the vertical component of the unbalanced force whose 
height a above the base line, or of Z> below the base line, is equal to 
the vertical component of the resultant force for the corresponding 
crank position as found on the elliptical diagrams Fig. 333, etc. 

Thus, comparing Figs. 333 and 345, the position AB of the crank 
(Fig. 333) corresponds to the 30° position (Fig. 345), and, considering 
the case of a single crank at a time, the vertical height DE (Fig. 345) 
depends upon the amount of balancing, by the addition of balance 
weights, which has been employed. Thus, if there are no balancing 
weights, then the vertical component of the resultant AD (Fig. 333) 
for the crank position AB = AH, and ED at crank position 30° 
(Fig. 345) = AH (Fig. 333).^ If the crank itself is balanced, then 
ED (Fig. 345) = the vertical component of the resultant BD = ED 
(Fig. 333).^ Or if the balancing by addition of weights has been 
carried so far as to balance the crank and the portion of the connect- 
ing-rod assumed as rotating with the crank-pin, then there is no 
vertical resultant due to BC, that part being balanced, and the height 
ED (Fig. 345) = the vertical CD (Fig. 333).' 

The maximum range of vertical forces for a single-crank engine = 
the maximum value of a -f 5. It will be noticed that the length a, 
Fig. 345, is greater than that of h, and these lengths are in the 
proportion — 


gr 


\ nJ gr \ nj 


This difference between the maximum upward and downward 
vertical stresses on the foundation due to inertia of the moving parts 
is sufficient in itself to cause appreciable and even considerable 
vibration, and accounts for many of the troubles in engines which 
were otherwise supposed to be well balanced. 

Two Cranks 180° apart. — Fig. 346 shows a pair of curves, A and B, 
for two engines working on the same crank-shaft with reciprocating 


' The figures are drawn to difi’erent scales. 
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parts of equal weight and with cranks opposite. Curve B is, of course, 
merely a repetition of curve A, and set 180° ahead of A, but the 
vertical dimensions are the same for both curves. 

So far as vertical forces due to inertia are concerned, the direction 
or the cranks being always opposite, the forces acting on the founda- 
tion due to each set 


of moving parts are 
also opposite, and they 
therefore tend to 
neutralize each other. 

If the obliquity of the 
short connecting-rod 
were neglected, then X 
the vertical compo- 
nent for the two en- 
gines would exactly 
neutralize one another, 
and the resultant ver- 



tical force would be 
nil. But in high- 


Fig. 346. 


speed vertical engines the connecting-rod is usually exceptionally 
short, and the result is that a large difference occurs between the 
inertia effects in the upper and lower halves of the revolution. The 


difference ma^ amount to many tons in large high-speed, short-stroke 


engines. 

When these curves, A and B, Fig. 346, are combined as shown, the 
net resultant vertical force, shown by the dotted line R, is obtained 
by taking the algebraic sum of the upward forces a and the downward 
forces h for successive positions of the crank = (a — &), and setting 
off the result above or below the line XX, according as the result 
is positive or negative. 

Fig. 346 shows by the dotted line R that the maximum range of 
vertical force upon the foundation is much reduced when two cranks 
at 180° are used instead of a single crank, and when the weights of 
the moving parts are equal in each engine. It is thus clear that 
a pair of simple engines will work more smoothly on cranks at 180° 
than a pair of compound engines, unless the weight of the moving 
parts of each engine of the compound is made equal by increasing, 
say, the weight of the high-pressure piston. * 

Two Cranks at 90°. — Fig. 347 shows curves A and B representing 
the vertical components of the forces for a pair of engines of equal 
weight of moving parts and with cranks at right angles. The curve 
B is the same as curve A, and is set 90° ahead of it. The dotted line 
R gives the resultant vertical forces of the combined cranks on the 
foundation, and is shown in this case to be considerable. If the weight 
of the moving parts of engine B were greater than those of engine 
A, then the maximum vertical forces due to inertia would be still 
greater than before. Hence, for the purpose of balancing quick- 
revolution engines, two cranks opposite, with pistons of equal weight, 
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Fig. 347. 


THREE CRANKS at 120” 


are mucli to be preferred to two cranks at 90° and pistons of unequal 

weight. With the for- 
, LBS. mer arrangement, how- 

/ TWO CRANKS AT 90“ ever, it is necessary to 

increase somewhat the 
i 'Ti ^ diameter of the crank- 

I j 1 A { \ \ / / ‘ shaft to secure sufficient 

\ I \ \ / / I strength (see Fig. 268). 

/ \' \ \ / / • 

— A — hL — 4 1 — ' specially important that 

i 0 K \r \ / A the range of verticalforces 

-5^ V ^ \ \ / / / ! on the foundation should 

I \. \ I be reduced by the use o£ 

I ' balance weights. 

j \ / j Three Cranks at 120°. 

I \ / j — Fig. 348 shows three 

-360*--“ ^ curves of vertical forces, 

' A, B, and C, for a set o£ 

triple engines, of equal 

weights of reciprocating parts, and with cranks 120° apart. 

It will be found in this case that the resultant curve obtained b^ 

^ taking the sum of the 

THREE CRANKS at 120 three forces at any crank 

position, and shown dotted 
(R) in Figs. 346, and 347, 

' now disappears, and the 

tendency to vibration 

due to the vertical effect 

^ of the inertia of moving 
parts is eliminated, not- 
withstanding the differ- 
! ence between the accele- 

[ ration and retardation o£ 

the moving parts in the 
' upper and lower halves 

of the revolution. 

The fact that the sum of the inertia effects is zero, whatever the 
length of the connecting-rod, was first pointed out by M. ISTormand, 
of Havre. The proof is as follows : — 

Let Fj = force due to inertia in one cylinder ; Fg for the second, 
cylinder, etc. ; W = the weight of the reciprocating parts ; and the 
other terms as before ; then — 

Fi = — cos 0 + ~ cos 20 |&>V 

^ (cos (fl + 120°) + - cos 2(0 + 120°)|»V 
O'- n > 

F, = — (cos (fl 240°) + 1 cos 2(0 + 240°))<»V 
q \ n ) 



Fig. 348. 
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Pi -f 1^2 + F3 = ^wV{cp8 0 + cos(0 + 120°) + cos (0 4-240°)} 4^^^/cos20 
y an ^ 

4 cos (20 4- 240)4 cos (20 4- 480°)} 

WcoV, 

= (cos 6 4 cos 0 cos 120° — sin 0 siu 120 4- cos 0 cos 240® 

. W (O^T 

- sm 0 sin 240°) 4 (cos 20 4- cos 20 cos 240° - sin 20 sin 240® 

gn 

4 cos 20 cos 480° — sin 20 sin 480°) 

Vs . „ , . . Vs 


Nf(a^T 
” ~9 


cos 

Woo^r 

gn 


0 — I cos 0 ^ sin 0 — ^ cos 0 4 sin 0 j 

a/B . 


a/s . 


+ ' [cos 26 — J cos 26 + sin2e— Jcos 26 — sin 26y 


g ^ ^ ^ gn 

= 0 


The removal of the vertical component of the inertia effects by the 
combination of three cranks at 120^, with equal weights of reciprocat- 
is an important point in favour of such an arrangement of 

cranks. 

Four Cranks in Pairs of Two Cranks opposite. — In this case 
also, as in that of the triple engine, the resultant vertical force R 
disappears when the weights of the moving parts of each engine are 
equal. 

Effect of Couples. — So far no account has been taken of the effect of 
the “couple” tending to rock the engine endwise, or to alternately 
lift and depress the opposite ends of the engine -bed on the line of the 
crank, each stroke, but obviously such a 
couple exists with engines of two or more 
cranks. 

In the case of a two-crank engine with 
cranks opposite, the moment of the couple 
tending to turn the engine endwise, first 
in one direction and then in the other, is 
equal to the moment (F x n) = (F x c) 

— (F X h), tending to turn the engine 
about point d. A similar force on the 
alternate stroke tends to turn the engine 
round e. 

Where the value of F at the top posi- 
tion of the piston is greater than at the 
bottom, as when a short connecting-rod 
is used, then the disturbing force is 
greater still, as has already been seen. ^ 

This tendency to end vibration may 349. 

be neutralized by the addition of another 

pair of similar engines working on a common bed-plate tending 
to produce an opposite couple, and arranged so that the two inside 
cranks coincide in one direction, and the two outside cranks coincide 
in the opposite direction (Fig. -350). Here the opposing tendencies 
to rocliing are borne by the bed-plate, and are therefore self-contained, 
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and so long as the bed-plate is sufficiently strong no vibration is 
transmitted to the foundation. 

The above four- engine arrangement is equivalent to the following 
(Fig. 351), which is a triple engine with the middle crank carrying 



engines. Here, as in the previous figure, the couples are balanced, 
though owing to the short connecting-rod the vertical forces are not 
balanced. 

Fig. 352 is a design which accomplishes the same 
^ result as in Fig. 351, but with two cylinders only. 
In this design the low-pressure piston works in the 
opposite direction to the high-pressure piston. The 
high-pressure piston is connected to the central 
crank, and the low-pressure piston to the two out- 
side cranks, by means of two piston-rods which work 
through bushes passing through the metal of the 
low-pressure cylinder. The weights of the moving 
parts for both high and low pressure engines are 
made equal. 

In a triple engine with equal weights of recipro- 
cating parts and cranks at 120°, the couple is not 
balanced, though the engine may be balanced in 
other respects. 

To get over this difficulty, it was first suggested 
by Mr. Robinson, of Messrs. Willans and Robinson, 
to combine two sets of triple-crank engines on the 
same single rigid bed-plate, and arrange the cranks 
so that each of the two sets of engines tended to set 
up opposite couples to its neighbour. Thus, if the 
cranks are numbered 1, 2, 3, 4, 5, 6, then if 3 and 
4 are vertical, 2 and 5 will point to the right and be 
30° below the horizontal, and 1 and 6 will point to the left and be 
also 30° below the horizontal. Then these two separate, unbalanced 
cou,ples neutralize each other, and as there is no tendency to vibration 
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from vertical forces in each of the two triple engines, the engine is 
tree from vibration.^ 

"Vibration due to the couple, in engines for light vessels, such as 
torpedo-boats,^ may be to some extent modified by strong diagonal fore- 
^ncl-aft bracing-stays connecting 
the after cylinders with the forward 



m 


part of the bed-plate (Fig, 353). 

•By this means the engines are 
^ade more rigid, and the vertical 
couple of moment M x B, which 
would give to the hull of a light 
vessel a vertical undulatory mo- 
tion, is replaced and absorbed by 
a horizontal moment, IST x E, the 
length E being the vertical dis- 
tance between the longitudinal 
deck stays, and the fastenings of 
the bed-plates with the bottom of . 
the ship. ' 

M. Normand points out^ that 
without a complete system of . N 

strong diagonal, longitudinal brae- 353 ^ 

ing of the engines, and horizontal 

stays at the top and bottom, the equalization of the weights of the 
reciprocating parts (though decreasing the net vertical stress) would 
increase the rocking motion due to the couple, and the more so the 
longer the distance D between the fore and aft cylinders. 

The Use of a Plane of Reference.^ — If a loaded crank rotate about 
the axis of a crank-shaft, the outward force 
or pull acting radially through the centre of d ae* 

W iff • * 

mass = E=:^o.V. rh 

But if the effect of this radial pull is con- j * ' ^ — 

sidered in relation to some plane al) at right Ip 
angles to the axis, but at some distance c from [ * 
the crank, and which we will call the plane of 'O 
reference, then the effect of the single force Fi Fig. 354. 

(Fig. 354) acting at the crank is equal to — 

(1) A force, Fg, acting in the plane equal and parallel to Fj, 
together with 

(2) A couple of moment, F^ x c, tending to turn the shaft round 
in a plane at right angles to the reference plane. 

If several cranks rotate in the same shaft at any angle with each 

* See a paper by Mr: Robinson and Captain San key, Proc. Inst. Naval ArcM- 
iects, 1895. 

^ Engineering, October 27, 1893. 

3 For the method, which follows, dealing with the balancing of four-crank 
engines, the author is indebted to Prof. Dalby’s valuable paper on the “ Balancing 
of Marine Engines : ” Proc. Inst. Naval Architects, 1899. 


Fig. 354. 
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other, and at various distances from the reference plane, then each 
separate radial force, when referred to a common plane of reference, 
is equivalent to a force acting in that plane, equal and parallel to the 
original force, and to a couple the moment of which is equal to the 
force at the crank multiplied by its distance from the reference plane. 

Reciprocating Masses. — Tf masses and Mg on the respective 
cranks of a two-crank engine with cranks opposite are equal, then 
the cranks are balanced in all positions, so far as moments about the 
crank shaft axis are concerned (neglecting the effect of the short 
connecting-rod, and the couple). 

Also, for all positions of the opposite cranks, the engine is similarly 
in balance if, for the equal rotating masses, equal reciprocating masses 
are substituted, each driven from its respective crank ; and thus the 
result as to balance is the same whether the masses are reciprocated 
or rotated. Hence, if masses balance as a rotating system, they 
balance also as a reciprocating system. 

Similarly for any number of cranks, at any angles, if the rotating 
masses balance, the reciprocating masses will also balance, provided 
they are respectively arranged in the same proportion to each other 
as the rotating masses. 

The conditions of balance may now be stated thus : 

(1) If, in the plane of reference, lines taken in order be drawn 
parallel to the respective crank radii and proportional to the forces 
(or to the masses when the cranks are of equal radius) acting at the 
respective crank-pins, the figure obtained is a closed polygon. 

(2) If, in the plane of reference, lines taken in order be drawn 
parallel to the respective crank radii and proportional to the moments 

of the forces (or of the masses 
^ when the cranks are of equal 

radius) acting at the respec- 
tive crank -pins about the 
origin at the plane of re- 
ference, the figure obtained 
is a closed polygon. 

These conditions apply 
equally whether the masses 
are reciprocating or rotating, 
the reciprocating masses 
being considered, for the 
purpose of solving the pro- 
blem of balance, as if they 
were rotating masses. 

For a triple-cranh engine 
(Fig. 355), with cranks at 
120°, if- a plane of reference 


^2 




l<— a 

K 


H— 1 

I 

hi— 
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be taken through one of the 


end cranks (say ISTo. 3) and 
the crank positions be projected on the plane, then condition (1) may 
be fulfilled, so far as the forces acting at the respective crank-pins 
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are concenxecl, whe-a tliose forces are (uiual, ])ecause a closed figure 
may be drawn whose sides are oc^ual to eaclx otiier and parallel to 
tht‘' crank radii. 

But it is evident that wluui the forces at the crank-pins are umujual 
and the cranks arc^ at 120^, the condition of balance*, of forces is not 
fullilled, l)(‘.cause it is not ]) 0 ssibl(i to close the foreci polygon. 

It is also (‘videaitly impossible to fulfil condition (2) for a thr(H;- 
crank engine, as tlu^ inoimmt of tlui forc(i acting on crank 3 aliout the 
origin at tlu^ rderenct^ plane, i.s zero, and th(^ two remaining monnmts 
(Fi X h) and (11 X a) do not form a clos<^d figures ; unless th(». cranks 
are as shown in Fig. 351, which fulfils all conditions of balance, (except 
for the distui’bi ng (‘din'ts of tlu^ short connecting-rod. It will lx*, 
observed that tht^ comlitions hen*, laid down for ]Kn’f(Hjt balance ignort*. 
tht^ (‘.fleet of the short coinuatting-rod, which (llecjt, as has b(‘(‘n idready 
explairuxl, may in its(*l£ cuiusc*. consid(u*abl<^ vibration, though tht^ 
ongini^ is balanctul in all oth(‘.r n^spee.ts. Tin*, influence! of the short 
conn(H;iing-ro<l is morti senaous in <juick-r(*. volution (uigin(‘H, as its 
disturbing (‘fhxjt vari(^s with tlui S(iuar(^ of the angular V(*locity of 
th(*. crank. 

Applying pn^vious (iondidons of halama*. to tin* cast^ of a four- 
crank engine*, supposes the r(nsp(‘Ctive disiancu»H I)(‘tw<*(‘n tin*. (*y Under 
ctmtrc^ lim\s an» diosevn (Fig. 355), and the wenglits of r(*ciprocating 
parts for thnn*. of th(i (mgine^s are^ approximate *ly lix(xl, it is r(*(juin*d 
to find (1) the*, lelativee crank positions, (2) the* rcanprocating mass 
for tlu) fourth crank imctusary to halancsi tlui mass of th(5 other threns 
oninks. 

Take^ a plane e>f re^feunmeH^ through one^ of the (uid cranks, namely, 
crank 1, whoses dilative angular position and weight of moving parts 
are*, not yevt fix(Hl. 

Then the data may be conveuieiitly set out in a tabulated form 
shown thus : 


I )iMttt.iicn of t'f'iim! 
of crunk from 
rcftironca pluno. 

1 Muhh ttt crank. 

of 

«»»«»<•«. 

MuHfi nnmicnt 
ttlKmt rofcronco 
rlauo. 

0 

(ivao) 

(o*r)7W) 

0 

3 ft. 

8000 

w 

eooe 

5 ft. 

4500 

1*5W 

22,500 

7 ft. 

1 1 

8000 

W 

21,000 


The figures in the brackds an*, in the first insfatice^, unknown, and 
have to 1)6 determin(‘d by the construction which follows, 

Notk. If the radii of the scweral cranks were* diirere‘nt, tlnui it 

would be necessary to multiply each mass in column (3) and (Mich 
mass moment in column (5) by its r(‘H|)ective crank radius ; Init in 
ordinary engines the crank radius is the saim.* tliroughout, and the 
proportional result is not afliected. 

First, draw the polygon of mass moments about the origin iii the 
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reference plane. In this case, since one of the cranks is in the refe- 
rence plane, only three cranks have moments about the plane, and 
the polygon is therefore a triangle. 




First, for crank 4, draw AB horizontal = 300*0 x 7 = 21,000 to any 
convenient scale of units; 

For crank 3, draw BC = 4500 X 5 = 22,500 
For crank 2, draw CA = 3000 x 3 = 9000 

These lines form a closed triangle of mass-moments, and the cranks 
are in balance if made parallel to the lines AB, BC, and CA, namely, 
cranks 4, 3, and 2 parallel to AB, BC, and CA respectively. These 
directions of the cranks are then drawn as shown in Fig. 356. 

It now remains to find the direction of the crank No. 1 relatively 
to the remaining cranks, and to find the mass rotating at the crank- 
pin, in order to complete the balance. 

This will be obtained in the next process by finding the direction 
and magnitude of the line required to close the mass polygon. What- 
ever position crank No. 1 may have will not afiect its mass-moment 
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balance, as the crank is in the reference plane, and its moment 
is = 0 . 

Secondly, draw the mass |)olygon to some other scale of units, 
making tlu‘. lines representing the mass at each crank parallel to the 
respective cranks. 

The iigure may he partly supcirposed upon the moment polygon, and 
tlui mass lines, for each crank, drawn parallel to the moment lines. 
Thus Al) = 3000 =• mass at crank 4: 1 he 4500 = mass at crank 3 ; 
C(l = 3000 = mass at crank 2. Then the line dA required to close the 
mass ].)olygon giv es in magnitude the mass of the rotating or recipro- 
cating parts, whiciuivcir may ho under consideration, and the direction 
dA, when ti’ansf erred to th<j end view of the crank-shaft, gives the 
angular direction of crank 1. 

To 1 ‘heck the accuracy of t/h(i work, it is well to take a new reference 
platie tlirough crank 4, arid to draw a new mass-moment triangle, 
compost'd of tlu‘, moiiK'nts of cranks 1, 2, and 3 about the origin at 
crank 4. If the ligun^ again, closes, th(‘> work is correct. 

This diagram (l^ig. 35()) is given as illustrating method of procedure, 
and is, of course?, suhjtu't to the motlilication as to weights and centre 
distances to suit practical rc(j[uiremeiits. 


CHAPTER XX. 

STEAM-ENGINE PERFORMANCE. 

Iisr the early days of engine-testing, it was usual to express the per- 
formance of the engine in. terms of the number of pounds of coal used 
per indicated horse-power per hour. 

If the object were to express the performance of the whole plant — 
engine and boiler included — and if the heat value of 1 lb. of coal 
were a constant quantity, then there would be no objection to this 
unit of measurement, and it was, and is still, in fact a useful, if not 
an exact method. 

But as a scientific measure of the performance of the engine itself it 
was valueless, because it included also the performance of the boiler, 
which latter might be either good or bad ; and thus two engines of 
equal merit, the one attached to a good and the other to a bad boiler, 
might show widely different results. 

The more usual system at present is to express the performance of 
the engine in pounds of steam used per hour per indicated horse-power. 
But this unit also is not satisfactory, because the number of heat-units 
employed to generate a pound of steam is not uniform, but depends 
upon the pressure of the steam, the temperature of the feed- water, and, 
if superheated, the degree of superheat employed. 

The error is comparatively unimportant when saturated steam 
within the ordinary limits of pressure is being considered, but for 
superheated steam the case is very different. Thus the total heat from 
32° Fahr. per pound of saturated steam at 50 lbs. absolute pressure 
is 1167 heat-units, and at 150 lbs. pressure it is 1190 heat-units, 
while the total heat of steam at 150 lbs. pressure superheated 300° 
Fahr. is 1334 ; and since it is the heat that does the work, and not 
the steam, the weight of steam used as a measure of relative efficiency 
is very misleading. In each of the above cases 1 lb. of steam may 
be used, but in the last case — ^that of the superheated steam — it 
contains 14*3 per cent, more heat than the 1 lb. of saturated steam 
at 50 lbs. pressure. 

A committee of the Institution of Civil Engineers has recently 
considered this question, and issued a report containing the following 
recommendations : — 

“ 1, That ‘thermal efficiency,’ as applied to any heat-engine, should 
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mean the ratio between the heat -utilized as work on the piston by 
that engine, and the heat supplied to it. 

^^^2. That the heat utilized be obtained by measuring the indicator 
diagrams in the usual way. 

^^3. That in the case of a steam-engine, the heat supplied be calcu- 
titecl as tlie total heat of the steam entering the engine, less the water- 
heat of the same weight of water at the temperature of the engine 
exlia-ust, both quantities being reckoned from 32° Fahr. 

^^4. That the temperature and pressure limits, both for saturated 
and superheated steam, be as follows : — 

XJpper limit : the temperature and pressure close to, but on the 
l)oiler side of, the engine stop-valve, except for the purpose of calcu- 
lating the standard of comparison in cases when the stop-valve is 
purposely used for reducing the pressure. In such cases the tem- 
pemture of the steam at the reduced pressure shall be substituted. 
In the case of saturated steam the temperature corresponding to the 
pressure can be taken. 

Lower limit: the temperature in the exhaust-pipe close to, but 
outside, the engine. The temperature corresponding to the pressure 
of the exhaust steam can be taken. 

^*^5. That a standard steam-engine of comparison be adopted, and 
that it be the ideal steam-engine working on the Rankine cycle between 
the same temperature and pressure limits as the actual engine to be 
compared. 

‘^6. That the ratio between the thermal efl&ciency of an actual engine 
aiifl the thermal efficiency of the corresponding standard steam-engine 
of comparison be called the efficiency ratio. 

7. That it is desirable to state the thermal economy of a steam- 
engine in terms of the thermal units required per minute per I.H.P., 
and that, when possible, the thermal units required per minute per 
IbH.P. be also stated. 

^^8. That, for scientific purposes, there be also stated the thermal 
units required per minute per H.P. by the standard engine of com- 
parison.” ^ . 

The steam-engine was taken to include everything between the 
boiler side of the engine stop-valve and the exhaust flange. The 
condenser was not included. 

In accordance with the above recommendations, it is probable that 
in future steam-engine performance will be expressed in terms of 
thermal units required per minute per I.H.P. 

To convert pounds of steam per I.H.P. into B.T.U. supplied per 


B.T.U. 


weight of steam per minute X net heat-units per pound 
— 


As the ideal standard of comparison, the Committee of the Inst. 
O E. recommend a perfect engine working on the Rankine cycle, 
which is understood to mean an engine receiving steam at its upper 
limit of pressure and temperature equal to that measured close to but 
1 Proc. Inst, CM, vol. cxxxiv. 
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on the boiler side of the engine stop-valve, and continuing this 
pressure and temperature up to cut-off. Beyond cut-off the steam is 
assumed to expand adiabatically in the cylinder down to a pressure 
equal to the back pressure against which the engine is working. 
The steam is then exhausted from the cylinder at constant pressure 
corresponding with the lower limit of temperature. The above cycle, 
which has hitherto been called the Clausius cycle, it is now proposed 
to call the Bankine cycle. 

The B.T.U. required per minute per I.H.P. for the standard engine 
of comparison is given by dividing 42*42 by the efficiency of the 
cycle. 

1. The efficiency of the Bankine cycle for saturated steam is given 
in the report above referred to as — 

(T„ - T,)(l + - T. hyp. log 

"" L, + T„ - T, 

See equation (1), p. 54, where T„ and T^ = absolute temperature of 
saturated steam at stop-valve and exhaust respectively. 

■ 2. For superheated steam the efficiency becomes — 

(T„-T,)(l+^) + 0-48(T.-T„) - T,(hyp. log + 0-48 hyp. log ^ 

" L,. + T, - T. + 0-48(T, - T„) 

where T« = absolute temperature of superheated steam at stop- 
valve. 

If expression (1) above be = a, and expression (2) be = h, then 
42*42 X = B.T.U. per I.H.P. per minute for the standard engine 

of comparison for saturated steam, and 42*42 x ^ for superheated 
steam. 

To facilitate the use of the standard, and to avoid calculation, the 
following diagram (Fig. 347), prepared in the first instance by Captain 
Sankey, may be used, from which the number of B.T.U. 's per I.H.P. 
per minute may be read directly for the case of the ideal engine 
working between known limits of temperature T^ and T^. 

Example. — Suppose an engine working between the temperature 
limits of 350° for initial steam and 140° for exhaust steam, then 
where the vertical through the 350° point on the base line cuts the 
curve through the 140° point on the right-hand scale, we find the 
horizontal line which, when traced to the left-hand scale, gives 180 
as the number of B.T.U.’s per I.H.P. per minute required by the ideal 
engine working between these temperature limits. 

Boulvin’s Method of Transferring Indicator Diagrams to the 
Temperature-Entropy Chart.— The following diagram, first devised 
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TEMP: OF INITIAL STEAM 

Fig. 357. 


250 ‘ 


TEMP: OF EXHAUST STEAM 
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by Professor Boulvin, illustrates a useful method of transferring in 
full the indicator-diagram to the 04 > chart. By means of such transfer 
it is readily seen where the losses in any engine or combination of 
engines occur. 

It shows for any engine what use it makes of the heat-units supplied 





8 cn! S 



Fig. 358. 


to it per pound of steam, and by plotting diagrams from separate 
engines whose performance it is desired to compare one with the other, 
it is easily seen where and in what respect one engine is superior to 
another in efficiency as a heat-engine. 

Pour a^ces are drawn from centre O, in Fig. 358, namely OP, OYj 
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OM, and OY, which represent respectively lines of pressure, tem- 
perature, entropy, and volume to any convenient scales. 

Set off on OY a scale of temperatures, and on OP a scale of 
pressures ; a temperature-pressure curve is then drawn in YOP by 
joining the intersections of the projections from corresponding pressure 
and temperature values for steam, as obtained by reference to the 
Steam Tables. 

The temperature-entropy portion YOM of the diagram between the 
axes of temperature and entropy may be drawn, as already described 
on p. 43, or the respective lines of the diagram may be transferred 
from the chart, Plate I. 

For the line of volumes, set off along the OY, to any convenient 
scale, a scale of cubic feet, and make its length at least equal to that 
of the volume of 1 lb. of steam at the lowest pressure used. With 
the scales of volume and pressure now fixed, draw from the Steam 
Tables the saturated steam curve. 

To place the indicator diagram in the pressure-volume portion POY 
of the figure, it is necessary to already, know the relation of the indi- 
cator diagram to the clearance line and the saturation line (see p. 1 1 6), 
in which case it can be transferred directly by plotting it to the new 
scales of pressure and volume. 

To transfer the indicator diagram to the temperature-entropy 
portion of the figure by means of the graphical method, it is necessary 
to draw lines relating volume and entropy, as shown in the volume- 
entropy portion YOM of the diagram. To draw these lines, take 
any convenient point A on the saturation curve, say through 40 lbs. 
on the pressure scale ; draw the vertical line AD to the temperature- 
pressure curve, and the horizontal line DK cutting the temperature- 
entropy lines in E and K. Project EH vertically to meet OM in H, 
and project KT vertically to meet the horizontal line AT in T. Join 
HT. From B draw a horizontal BG to cut HT in G, and from G draw 
the vertical GF to cut EK in F. Then the point B on the indicator 
diagram is transferred to the point F on the temperature-entropy 
chart. Any further number of points may be transferred in a similar 
manner. 

Weight of Steam used by the Engine. — 1. When the engine 
exhausts its steam into a surface-condenser, then if the condensed 
steam be collected and weighed, and at the same time the power 
of the engine be determined from indicator diagrams, the weight of 
steam per I.H.P. per hour may be directly determined. The weight 
of condensed steam should correspond with the weight of feed-water 
supplied to the boiler during the same period. 

2. When the engine exhausts into a jet condenser, it is more 
difficult to determine the steam consumption at the condenser end, 
and it will usually be obtained by measurement of the boiler-feed. 
It may, however, be found with approximate accuracy by passing 
the combined condensing-water and condensed steam over a weir 
or tumbling-bay, or through a number of orifices (say tw^enty) bored 
out to gauge, and fixed level in the end of the tank receiving the 
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contents of the condenser. The tank should be provided with baffles 
to steady the flow of the current. If, then, the contents flowing from 
one of these orifices be collected separately and weighed, and the result 
multiplied by the number of orifices, the total weight of water passing 
away per unit of time will be obtained. 

If S = weight of condensed steam, and W = weight of injection 
water, then total water weighed = W + S per minute. . . . (1) 

If and % = initial and final temperature of the injection water 
obtained by delicate thermometers, then W (^2 ^i) = carried 

away by injection water. Let also equal temperature of feed. 

Heat supplied by steam ~ S(H — h^, where H is total heat of the 
steam, and = (temperature of feed — 32). Then — 

S(H — y^o) = (work done in heat-units per minute) -fW . (2) 

Or, if temperature 4 of feed is not the same as that of the condensed 
steam, then — 

S(H — = work done 4* — ^g) + W ‘(^2 — <i) - . (3) 

We have now two equations — (2 or 3) as above, and (1) equal to the 
numerical value in pounds of W + S by weight during the test. 

By combining these equations the value of S, or the weight of 
steam per minute, can be obtained. 

Then S 4- I.H.P. = weight of steam per I.H.P. per minute 
On the Increase of Initial Steam-pressure. — The economy of engines 
in regard to steam and coal consumption per unit of power will always 
be a most, if not the most, important factor in determining the relative 
value of different types and combinations of engines and boilers. 

If this condition is to be fulfilled regardless of any other condition, 
then the direction in which such economy must be looked for is by 
the adoption of the highest practicable steam-pressures by the use of 
water-tube boilers — which are now working as high as from 250 to 
300 lbs. per square inch and even more — and by the further adoption 
of superheating both in the first and again in the succeeding cylinders, 
combined, of course, at the other end of the scale with the most 
perfect condensing arrangements. 

A study of the temperature-entropy diagram will show at once that 
in the directions above indicated must be sought the maximum 
theoretical efficiency of the steam-engine, and that with a constant 
minimum loss at exhaust, a maximum work area per pound of 
steam can only be obtained (1) by increased initial pressure, and 
(2) by reduced loss by cylinder condensation, which is the object of 
superheating ; the amount of superheating employed being so much 
as will secure dry saturated steam at cut-off, and not such an amount 
as will result in the actual presence of superheated steam after cut-off 
in the cylinder. The amount of superheat in the initial steam to secure 
this result has already been given in the chapter on Superheating. 

The above requirements for maximum efficiency of the steam are to 
some extent ideal, and there are many practical difficulties which yet 
remain to be overcome, but they represent the direction towards which 
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the niere progresKivo engineering will continue to aim ; and where 
maximum powcn* per unit of weiglit of machimuy is the primaiy 
consideration, rega,r(llc‘ss of cost in other (lir(x;tions, th(‘. maximum 
possil)le pr(‘ssur(‘s will t)e. employtHl, and sup(‘rh(‘ating, though at 
prc^sent in nix^yanee, will probably follow, at least in some d(^gre(‘.. 

]>utwhen‘. other conditions than the above obtain, that is, whore cost 
of maintenance, attendatice, repairs, depreciation, loss thi*ough stoppages, 
etc., all have to be considered, as is th(^ case in most stationary work, in 
estimating tlie n^al commercial economy, it is doubtful wliether even 
iiie most u|>-to-date stationary engineering will adopt tlie extrenudy 
high pressur(‘s us(hI by ma.rin(i (mgineers for the sake of maximum a/mm 
economy as such, and ;is distinguished from all-round economy, though 
probably sujxu-heating will contiiuu^ to increase in favour. In a ixuxmtly 
|)ublished pamphh^t giving the result of two-cylinder-compound engine 
trials, M(\ssrs. Hick, i[argreav<‘s h Co., of Bolton, say — 

“ At the prenent tiino there is a ntroiig and incroasing tendency towards compound 
engiiKiri working at a high hoil(‘,r presHun^ Cahout I GO lbs.), in prcien'ucn to triphj 
aiui quadruph' expansiou engiruiH for millwork. . . . Kxpc'rhmoe has shown that 
whilst two c.yliakT conp)ouiul engines have groat advantages in the way of sini- 
pli(‘.ity and ndiahility, tiny can comiiete very cdoaoly oven in steam-caiginc^ ocononiy 
p(‘r I.H.P. with the beat triphsexpansion engines, and that they actually atford tlu^ 
hiast (‘xp(‘.nHiv(^ and most satisfactory method of driving a factory when all th(*. ihans 
of ex p(m HO are taken into account. Tlie superheating will tend strongly in 

the same direction by re.ducing the loss by cylinder condcuHation, the reduction of 
which is th(^ one excu.se for multiplying the stages of expansion in separate 
oylinihirs. Mill engines are litted with valve gear capable of giving any desired 
ratio of expansion in <fa<*h cylinder. I’his faohir is freiptently overlooked whmi 
comparing mill (Uigines with marine engines, in whieh th(< valve gear employed will 
i^nly allow of a limited amount of expansion in any one cylinder.’^ 

An investigation was r(x;cntly (bSDT) carried out by Mr. Dugald 
Drummond on ‘M.hc ust^ of progrossivt^ high-prossurc^s iti norrcompouml 
lo(tomotiv(^ cngin{‘s,” tu astuu’tain the iruu’C'aso of oilicicmy dcrivcxl from 
raising tlu^ boiler prtwsiiro. Th(^» following tabic shows some of the 
n^Hults obtain < k1 : — 


Original pressure. 

liaised to 

(lain per cent. Htcuuii- 
consuniption. 

ll)5i. persq. In. 

1)>H. per sq. In. 


HO 

IGO 

n to 18 

150 

175 

15 

IfiO 

200 

81 

175 

200 

IJ'92 


As alrcatly pointed out., the numerical value of the thermal 
efhcioncy olitaiiuxl by increasing initial pressures is proportional to 
tlic^ t’nngti of tem^HTdiure worked through by the (mgino di\'i(led Iiy the 

* Froc, Inst. C.R, vol. cxxvii. p. 225. 
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initial temperature (absolute). Also the initial temperatures do not 
increase at the same rate as the pressures ; on the contrary, while the 
initial pressures rise very rapidly, the temperature increase is com- 
paratively small, especially so at the higher pressures. Thus, for steam 
at 170 lbs. absolute pressure, the temperature is 368° Fahr., while for 
steam at 250 lbs. absolute pressure the temperature is 400° Fahr. If 
in both cases the steam is exhausted at a temperature of 150° Fahr., 
which is equivalent to a pz’essure of about 4 lbs. absolute, then it will 
be seen by measurement from Fig. 357 that in the case of the 170 lbs. 
initial pressure the B.T.U.’s per I.H.P. per minute required for the 
ideal engine =175, and for 250 lbs. pressure the B.T.U.’s = 160, that 


is, a gain of 


175 - 160 
175 


X 100 = 8*6 per cent., or in practice a gain 


of 


about 6 per cent, of heat expended per I.H.P., for an increase of 47 per 
cent, in the steam-pressure, which gain seems hardly likely to tempt 
engineers in the direction of an indefinite increase of pressure from the 
point of view of economy of heat, esj)ecially when the higher pressures 
are accompanied by difficulties such as — 

(1) Increased strength, weight, and initial cost of boilers, ’ steam- 
pipes, engine cylinders, and fittings. 

(2) Increased losses by radiation throughout the whole plant, 
including boiler, steam-pipes, and engines. 

(3) Increased cost for repairs and maintenance. 

But, as already stated, there are other considerations, besides 
thermal efficiency, which leads to the adoption of the highest steam- 
pressures, especially that of the increase of 'power per unit weight of 
engines y which follows the increase of steam-pressure. For it will be 
rememlDered that in a given engine the power increases directly in 
proportion to the increase of initial pressure, the point of cut-off in the 
first cylinder being assumed constant. 

Hence the reason for providing warships, for example, with the 
highest available working pressure regardless of difficulties. 

Eeduction of Pressure by Eeducing-Valves. — It is now usual 
in water-tube boilers to reduce the pressure from 300 lbs. in the 
boiler to 250 lbs. at the engine. This permits of the initial pressure 
on the engine being kept more consistently constant than would 
be the case if there were no reducing-valve between the boilers 
and the engine : it is also equivalent to increasing the volume ol 
the steam space of the boiler without increasing the size of th^^ 
boiler. It is often stated that this wire-drawing of the steam 
by reducing the pressure from 300 to 250 lbs. per square inch, is 
a convenient means of supplying superheated steam to the engines. 
But unless the steam supplied by the boiler is perfectly dry, or 
nearly so, which is a large assumption, there can be no super- 
heating : thus, the total heat of steam at 300 lbs. pressure = 1209*3, 
and at 250 lbs. pressure = 1204*2 — ^that is, 5*1 units of heat are 
liberated when the steam is wiredrawm from 300 lbs. to 250 lbs. 
pressure. Assuming the boiler steam to contain 2 per cent, of 
moisture, then on "passing through the reducing-valve the liberated 
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Iieat»xinitfc; will ovaporato 


5*1 

L 


lbs. of water (moisture) into nteani, 


vvliore L = latent heat per pound of steam at 250 lbs. proHSuro. 
5*1 

= 0-006 11). of water evaporated. Therefore the steam wetness 


is now reduced from 0-02 lb. per pound to (0*02 — 0*006) Ih. per 
})Oun(l, or the wetn(\ss is reduced from 2 per cent, to 1*J pen* cent, 
ikit there has been no superheating of tlu^ Ht(‘ain. 

Jf the steam from the boiler wert*, perha^tly dry, then on j>asHing 
through the reducing-valvci from 300 to 250 lbs. pressure 5*1 units 
of iu^at ar(‘, liberated, juid taking 0.48 as the specific heat of steam, 
then 5*1 4-0*48 = 10*6 d(‘grees of su])erheat. 

Steam-consumption. The Willans Straight-line Law.— It was first 
pointed out })y P. W. Willans that if the total st(‘am'Consuinption 2>er 
iioiir of a tlirottling or constant 


expansion engine 2)iotted 
as ordinates on a iiorse~ 2 )ow(u* 
or mcan-pr(^HSure l)ase, f<ho 
result is ati obli(pui straight 
lino, as shown, in Pig. 351). 
That this must b(^ so theo- 
retically will be obvious from 
the following illustration. 

In Pig. 360 <mt-ofr at 0*5 
or two expansions is taken, 
and an initial pressure of 90 
lbs. Th(j mean pressure is = 
76*2 lbs. (haind l)y means 



ABS, MEAN PRESSURE ^ 

Fin. 359. 


of the formula and the terminal presBuro is 

45. At an initial x)reHHnre of 45 lbs. the mean 2 )roHSuro is 38*1 lbs., 
and the tcirminal jiressure 22*5 lbs. 

In Pig. 361, terminal i)r(‘,ssureB are set u]) vcu-tioilly as ordinates, 
and the mean pressures are drawn horizontally as alxscissie ; and tlu^ 



¥m. 300. Fm. 361. 


intersections give the straiglit line of steam-consumption oa, because 
the stcam-consum|)tion jau* stroke is proportioiud to the terminal 
pressure in theoretical engines. 
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If the term I.H.P. be substituted for “mean pressure/’ as may be 
done when the speed of any given engine is constant at all powers. 



MEAN PRESSURE. 

Fig. 362, 


then it may be stated that the total weight of steam used varies 
directly as the I.H.P. , or, in other words, the weight of steam per 
I.H.P is constant at all powers when back pressure, friction, and all 
other losses are neglected. 

The oblique straight line obtained by plotting the steam-consump- 
tion as explained above would not be quite straight, but slightly 
curved if adiabatic expansion had been used, instead of hyperbolic. 
By choosing various cut-off points a series of oblique lines may be 
drawn (Fig. 362), each separate straight line representing the steam- 
consumption for a separate fixed cut-off with variable initial pressure 
at that cut-off. 

The Curve of Steam-consumption for Variable Expansion.— If a scale 



Fig. 363. FiG. 364. 

of absolute initial steam-pressures be marked along the oblique lines 
in each case, and a free curve be drawn by joining the corresponding 
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pressure-points on the respective oblique lines, then the curves ob- 
tained will give — by an ordinate measured to them from the base — 
the steam- consumption for a variable cut-off with a constant initial 
pressure ; thus Fig. 363, line Oa is drawn as a line of steam-con- 
sumption for a cut-off in the cylinder at 0*6, and at various initial 
pressures ; line Oh is drawn similarly for a cut-off at 0*4*; and line 
Oc for a cut-off at 0*2, and a pressure scale is marked upon each 
line respectively. By joining points a, &, c at the common pressure- 
points of 90 lbs., a curve of steam-consumption ahc is obtained. 
If the vertical ordinate be measured to the curve for any point of 
cut-off from 0*2 to 0*6 of the stroke, the total steam-consumption 
is obtained at a constant initial pressure of 90 lbs. per square inch. 
The same result may be obtained by measurement from a theoretical 
indicator diagram, as follows: — 


Draw indicator diagrams (Fig. 364) showing the variable expansion- 
curves for constant initial pressure with cut-oS" at 0*2, 0*4, 0*6 of the 
stroke, and find by measurement or calculation the mean pressure for 
each case reckoned to zero back pressure. 

Then plot on squared paper the terminal pressures as ordinates, 
and the mean pressures as abscissae (Fig. 365). The terminal pressures 
are proportional to the 
weight of steam ex- 
hausted, and the verti- 
cal scale may thus be 
made to represent steam- 
consumption. 

Thus in Fig. 364, 

■with cut-off at 0*6 of 
the stroke, the mean 
pressure is 81*7 lbs., 
and the terminal pres- 
sure 54 lbs. ; at points 
of cut-off 0*4 and 0*2 
the mean pressures are 
69 and 47 respectively, 
and the terminal pres- 



sures 36 and 18. 

In Fig. 365 the mean pressures are plotted on a base-line, and the 
terminal pressures on the vertical scale to represent proportional 
steam-consumption. By joining the intersections of the corresponding 
mean and terminal pressures, the curve ahc is obtained as before 
(Fig. 363). 

It will be seen that this curve falls below the straight line oa, 
joining the origin 0 with the point a of maximum power, and if an 
ordinate be measured from the base-line at a given mean pressure, 
the vertical height measured to the curve is less than that measured 
to the straight line oa, and the difference between the two heights 
is the relative difference between the total steam-consumption under 
the two systems ; the straight lines representing the varying steam- 
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consumption at fixed points of cut-off, when the power is regulated 
by throttling, either by hand or by a governor ; and the curve repre- 
senting the steam-consumption at constant initial pressure when the 
power is regulated by varying the point of cut-off by hand or by a 
governor. 

In the same way, lines and curves have been drawn (Fig. 366) 
showing the relation between the steam-consumption when the two 
methods of varying the power are compared. Thus, taking three 
different cases of constant cut-off engines, namely, two, six, and four- 
teen expansions respectively, and comparing them with three variable 
expansion engines having the same cut-off at maximum power. If 
each starts with the same initial pressure and the same cut-off, as at 
d, e, and /, and the mean pressure is reduced (in the straight-line 
or throttling engine, by reducing the initial pressure; and in the 
variable expansion engine by keeping the initial pressure constant 
and increasing the number of expansions), then if the absolute 
terminal pressure of the theoretical indicator diagram, or the steam- 
consumption per stroke, be set up as verticals, it will be found that 
their height is less with the variable expansion than with the 
throttling engine. 

It will be seen by the figure (Fig. 366) that the difference is much 
greater for the simple two-expansion engines than for engines with 



many expansions, such as triple-expansion engines, in which the possible 
difference between the two systems of regulating the power is small, 
as seen by the nearness of the curve to the straight line of. 

If the engine considered is a theoretical non-condensing engine, 
then the oblique line OM (Fig. 359) is the line of steam-consumption; 
and OA is the back pressure of the atmosphere. In practical cases 
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the length OA represents the equivalent loss of effective mean 
pressure due to back pressure, condensation, leakage, radiations, etc. 

Taking now a practical case in which the friction of the engine 
is included. 

It will be noticed that in the theoretical cases taken so far, all 
the throttling straight lines and all the variable expansion-curves 
pass through the origin O of the diagram ; that is to say, in a 
theoretical engine there is zero steam-consumption at zero mean 
pressure. 

But in practice that is not 
the case, and if the oblique 
line drawn from an actual 
engine test be produced, it 
will be found not to pass 
through the origin 0, but to 
cut the vertical line at some 
point above it, which will re- 
present to scale the steam- 
consumption of the engine at 
zero mean pressure. The Wil- 
lans oblique line* for an actual 
throttling engine takes the 
form of — 

W = a + 

where W is the total weight 
of steam used per hour ; P is the indicated horse-power ; a is the 
weight of steam used at zero mean pressure, and depends upon the 
extent of the back pressure and on the losses inherently due to 
the engine itself while running; 6 is a constant, depending also on 
the type of engine. 

It will thus be understood 
that with a throttling engine 
the full load is the most econo- 
mical load, because the effect of 
the constant a is proportionally 
less at high powers, and that as 
the power of a throttling engine 
is reduced, the consumption of 
steam per horse-power is in- 
creased. 

If the actual consumption lines 
be plotted for an engine work- 
ing through its full range of 
power, first with variable initial 
pressure, and secondly with 
variable cut-off and constant 
initial pressure, it will be seen 
that over a certain range, mn (Pig. 367), the variable expansion is 



Fig. 868. 
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the more economical ; but if the cut-off is carried beyond a certain 
point, mj the throttling method becomes the more economical of the 
two. 

To find the mean pressure corresponding with the lowest steam- 

consumption per draw a 

tangent, Oc, to the curve of 
steam - consumption from the 
point 0 ; then a vertical, cd, 
through the point of contact 
gives by its intersection with the 
horizontal base the mean pressure, 
od, required ; that is, {cd -f- od), 
or (steam-consumption-f-I.H.P.), 
is a minimum when the power is 
represented by od. 

To find the mean pressure 
corresponding with the lowest 
steam-consumption per B.H.P., 
which is usually more important 
Fig. 369. know than that for the I.H.P. 

Let AB (Fig. 369) be the curve 
of total steam-consumption for the engine, and let Om represent to the 
scale of mean pressure the pressure required to drive the engine itself. 
From point m draw a tangent me to the curve ; then ef is the most 
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Fig. 370. 

economical mean pressure to adopt when considered with reference 
to the brake or effective horse-power, while if only the indicated 
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hoi*sC“power had been considered, a lower mean pressure would have 
been chosen. 

Such a dia^n-ain shows wliy, in electrical work, tlui rated moan 
eirectiv(‘ pii^ssure is always chosen high, nanu^ly, from 40 to 45 lbs. 
per square inch retVui’cd to the low-pressure piston, the i-eason being 
that whcui the most economical ])oint is consiclercid with r(4eronce to 
the elective horsr^power, instead of the indicated horse-jrower, it is 
found possible to work economically at the higher mean pressui*es, 
and the advautag<‘. of doing so is that the same power may b(j ob- 
taiiuid with a smallm’ engim*, and therefore also one which may be 
run at highm- rotational speeds. 

In mill engiiujs the rated mean eUcctive pressure is usually about 
28 lbs., but there is a tmidency all round in the direction of raising 
the value of th(5 r-atrul mean pressure. 



INITIAL PRESSURE 

Fxa. 371. 

Curves of Steam-consumption per I.H.P. per Hour.~The offoct on 
th(‘. rate of steam-consumption of various changers in tin*, conditions of 
working may be best shown by plotting curvcis of engine J)(l•formanc(^ 
as shown in Figs. 370 and 371. These figurc^s show the iidativii pm*- 
formance of simple, compound, and triple ongituvs, condmising and 
non-condensing, and they should be canjfully studied by the student. 
The data for th(^s<^ curvcLs have b(‘en taken from the Willans trials.^ 
Fig. 372 shows th(^ characteristic curves of steam-consum|>tion for 
emgines of various types and various degrees of loading, tlu^ fractions 
along the basoline nqiresenting the proportion of th(i rated load at 
which the engine is worked. The rated load is tluj load at whicdi the 
engine gives the best all-round results, the principa,! factor in the problem 
* IVoo. Imt. €*E.i vols. xciii. and cxiv. 
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being the maximum economical working load. Usually engines may 
be worked about 25 per cent, above this load as a maximum. 

The load-factor is the ratio of the average working load to the 
maximum working load. ^ 



SIMPLE NON-COND^ 

SIMPLE CONDENSm 

COMPOUND COND^ 
triple EXPANSIOIT 


Fia. 372. 


following results of a series of trials with a Westinghouse com- 
pound short-stroke engine were given by Mr. Arthur Ricrtr i The 
cylmder diameters were 14 in. and 24 in., with a 14-in. strok^ cranks 
opposite ; revolutions 290 per minute ; variable expansion governor, 
Watee-consumptioit pee Beake Hoese-powee. 

Condensing. 


1 

2 

8 

4 

5 

6 


Average pres- 

Boiler-pressure, pounds per square inch. 

Brake H.P. 

sure, pounds per 






square inch. 







120 1 

100 

80 

60 

200 

160 

130 

100 

70 

40 

50'0 

40-0 

32-0 

25-0 

17*5 

10-0 

lbs. 

19'62 

18*86 

18- 38 

19- 14 
19-80 
22-90 

j 

lbs. 

22- 53 
20-02 
19-56 

19- 44 

20- 05 

23- 12 

lbs. 

23- 17 
21-32 

20- 34 

21- 43 

24- 75 

1 lbs. 

24-30 

20-10 

22-57 

22-55 


ProG. Inst. 0.£J„ vol. cxiv. 
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Nim-rondemhuj. 


X 1 
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4 

1 1 
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! 

Avt'ragt" Urt'H- 
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Boih'r i>n'KSur<*, pDinuls per sriuarc inch. 

Brako 11. Ik 
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1 wpiarc inch. 
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j 

HO 

<50 


1 

U)S. 

11m. 

Ihfl. 

Urn. 

200 

1 oo-o 

20*04 



— 



KiO ^ 

! 40‘0 

2:>*r)0 

20*20 




i;u) 

02*0 

21 02 

2(i-12 

27*70 

— 

100 1 

25*0 ! 

20*07 

27*70 

20*H() 

— 

00 

2:c() 

2(;'0i 

2H-B0 

20*80 

01*70 

70 

17T) 1 

20*4() 

00*77 

02*48 

00*00 

40 

lO-O 

40*00 

00*00 

; 42*70 

40*82 

Erom a 

papeu’ ^ hy Mr. Henry Davoy, read before the Institution of 


(Jivil Engino.cu's, tb(^ following avorngo results of long-stroke engines 
using HdUvrated sioani an^ (bHluced™ 



Initial 

Katin of 

steam per 

B.T.II, per 


pr(‘KHuro. 

oxpanHlon. 

I.H.B. per hour. 

MI P. i»ftr inin. 

Singh* cylinder cond(niHing ... 

70*7 

0*00 

20*01 

4.02 

Oemponnd c.(md{*nHirjg cngincH 
Tnplc-(^xp<uiHion (uigincH 

i 

84*0 

7*70 

18*00 

008 

108*0 

14*01 

M*88 

288 


Thermal efficiency of the triple-expansion cngme8=42*42 288 X 100=14*7 per cent. 

Performance of Engines using Highly Superheated Steam.— The 
following KtciaTn-eonsinnption is guaranteed by the Schmidt Stationary 
Enginxi (Jo., London, th(x txnnporaturo of the steam employed in all 
eaH(iH being 350'’ 0., or 062'’ E. 


Type of engines. 

Imllcated horse- 
power. 

PonndH (tf feed- 
water per 1. 1 1. Ik 
per hour. 

B/Ikll.per 
r.ILIk per rnin„ 
feed temp. lOtT^R 

Single cylinder deuble-aeting non- 1 
(urndtaining / 

Single cyliiider donl)le-acting con- \ 
donsing j 

Oempound double-acting coiulonBing 
Single crank aingle-acting tandem \ 
compound oondenaing j 

00 to 000 

50 to 000 

00 to 800 

50 to 350 

10*8 to 15*5 

10*5 to 12*4 

11*5 to 0*8 

n to 10 

4 00 to 070 

025 to 298 

277 to 2:if> 

205 to 24 1 


Note. —I n each case the consumption of steam docroasoH as the power iucreast^s. 


The effect of speed of rotation on economy is to somewhat reduce 
the weight of steam used per indicated horse-power per hour as the 


* Proa, Inst. C,E, vol. exxii. p. 17. 
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speed of rotation increases. This is probably due to the reduced 
loss by cylinder condensation at high speeds. 

The following results are from experiments by P. W. Willans : ^ — 

Revolutions per minute ... 401 301 198 116 

Steam per LH.P. per hour ... 17*3 17*6 18-9 20-0 



The Cornish Cycle.^ — In the Cornish single-acting pumping-engine 
(see Fig. 373), the steam passes into the cylinder through valve A, and 
acts on the top of the piston to drive it downwards, valve B being 

^ ProG. Inst. G.E., vol. cxiv. 

* See a paper by Mr. Henry Davey on the Birmingham Waterworks, Proc. Inst. 
Mechanical Engineers^ 1897, p. 297. 
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closed ; the sp?iee l)elow the piston bein^ at the same time in com- 
munication witli the condenser through the valv(i 0. 

At tile (uid of the down-sliroki". th(‘. valve I> opims to (‘xhaust, and 
the valves A and 0 are closiul. Tlu^ steam now passes fi*om abov(i 
the piston to the spacer below the piston through th(‘- valve 1>, and not 
dire.etJy to tlu'. condensin’. 

Tlie piston tliivn ascends in a condition of e(|uilibrium. 

Tlie reason for tlu^ economy obi-ainid by this arrangement is that 
the clearance surfaces above the piston, is never ]>ut in, dirc^ct com- 
municatioii with the condenserj tlie range of tempiu’aturo above the 
piston luring from admission to I’cdease only, while Ixdow the ])iston 
the range of t(snp(‘.rataire is from reh^ase to exlia-ust, this fall of 
t.(mip(U’atui’e from admission to (‘-xh.’Uist. thus occurring in two stages, 
'^rhis cyi’le is now' adopted by some single-acting high-speid engine 
makm’S, notably in th(‘. Willans <;ngiiie. 

Economy Guarantees.— Considering that the steam used l)y an engine 
each year often (^ests as much as the initial cost of th(i (mgine itsidf ; 
also that th(^ diflercmcc^ in weight of st(‘am consumed— and thercjfore 

of (;oal burn(‘d dn powm* plants by dillerent makcTS, may be as great 

as 100 per cent., th(^ importance of obtaining guarantees of steam 
economy will be v(‘ry obvious. 

It must be remembiu-ed, however, that the results of the trials of 
(mgines and boihu’s, when new from th(^ hands of the makers, will not/ 
usually be repcatiul in ordimiry working piraidice, owing unfortunately 
to th<^ various sources of loss of (dficiency which occur unh^ss exceptional 
attention is paid to didail. It would be ,saf<^ to allow a margin of at 
kiast 25 per (^ent. Ixdwc^isn t-ho tnakors’ tiists find the actual w'orking 
perfoi’mancc^ of th(^ plant. '!Idus margin I’eproscnts the sum of a larger, 
mimlx^r of small but more or less provontible losses which occur in 
power plfints, and tlu': (ixt,(ud' of the reduction of which is fi measure 
of th<^ intcdligence and skill of the operfiting staff 


CHAPTER XXL 

types of steam-engines-^the mill engine. 

Horizontal and Vertical Engines.— The choice of type depends in 
some measure on the space at disposal in which the engine is to be 
fixed, and also on the speed of rotation desired. 

Where floor space is limited, and height will permit, the vertical 
type is the only alternative ; but where space is not so limited, the 
question of speed of rotation desired will more probably decide the 
type, for slow speeds the horizontal being generally preferred. 

The horizontal type is more convenient of access, while the vertical 
is often most inconvenient in this respect. The stresses^ are spread 
over a larger floor area in the horizontal type, and the engine is there- 
fore more likely to be free from vibration. 

It is usually more difficult to keep vertical engines clean, because 
of leakage of water and oil from stuffing-box glands and other parts 
falling directly among the working parts. 

Vertical engines are lighter for the same power, because they are 
made of a shorter stroke, and run at a higher rotational speed than 
horizontal engines. 

In horizontal engines the cylinders are liable to wear down and to 
become oval in consequence of the weight of the piston wearing a 
bed for itself on the bottom of the cylinder. This objection is absent 
in vertical engines, though of course the weight is carried on the 
crank-pin instead. To reduce the wear in horizontal cylinders, the 
piston is sometimes supported by a tail-rod, which is a prolongation of 
the piston-rod carried out through the back cover. 

With the long-stroke horizontal engine extreme care must be 
taken in the construction of the foundation, to ensure the prevention 
of uneven “settling down.” 

Yoy engines of large power in electric light and traction stations the 
vertical type is now almost exclusively employed. 

The Horizontal Mill Engine.— Figs. 374 and 382 give details for 
a horizontal trip-gear engine, 15-in. diameter, 36-in. stroke, suitable 
for a working pressure of 100 lbs. 

The steam admission is affected by double-beat drop valves A, 
operated by a detachable trigger, the point of release being determined 
by the governor. 

The exhaust valves B are of the double-beat type, worked by a 
cam on the side shaft C. 

The cylinder is a cored casting of tough cask iron, which must be 



Pi 

mm 

i::j 


Pig. 874. 

When the steam is exhausted from the cylinder it escapes into a 
cored chaml)er, T), (jomhion to both exhaust valves, and from thence to 
the exhaust |)ipe. 

A separate working barred or liner, E, is forced into the cylinder 
casing. The parallel part is in. larger at one end than at the other, 
to facilitate^. j)utting in and fixing of the barrel, 

y 
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The valve seats and valves are cast off a specially strong hard mixture 
of cold-blast and hematite irons. 

The upper and lower beats of valve faces are tangents to two spheres, 
which have their common centre in the point of suspension (see^ Fig. 
376). The effect of this special arrangement of valve seats is to 
maintain true contact between valves and seats. "When the valve 



seats are both the same angle, the lower valve seat wears larger than 
the valve and causes leakage. ^ 

It is usual to finally grind the valve seats together when they 
have been heated, so as to make them steam-tight after they have 
been expanded by the hot steam. All castings have more or less 
internal stress in them as delivered from the foundry, and when 
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such castiiipja aro subjected to heat, they sometimes twist and go out 
of Hhaj)e. 

To small castings ii. is possible to get rid of the initial stress, by 
placing them in a furnace and berating them to a l)loodu*e<l heat, 
closing tin; damp(‘rs and I(‘aving ih(‘. furnace and castings to slowly 
cool togtdiier. 

Wh(‘r(‘, castings cannot b(‘. so h(‘at(Hl, it is vtuy m^cessary to c*are- 
fully examin(‘. and ‘vl(‘t down ” th(^ wearing parts wliich are to be a- 
working lit under st.<^am pi’cssun*! and temperature, and with more 
complicated valvt‘s, this must be doru^. several times Ixd'orc^ the 
lU'cessary st(‘am-tightn(\ss is attained. 

The st('.am- jacket is suppliiul Mutli high-pressure steam by a small 
steam”Valv(‘ plactnl alongsid(^ of the stop-valv(‘, and the c(fnd(uis(‘d 
wat<u* is draimul thi'ough a passage*. (<lrill(*(l at right angk^s) which 
connects th(* low(‘st point of the jacket to a suitabh* facing on the 
sid(^ of th(^ exhaust pasHng(^ on the un<l(*rsid(^ of th<* (ylimhu*. 

Tlu^ cylimhu’ is automatically draine.d by tin's separai.(^ exhaust 
valct^s (‘ach (exhaust stroku*, and in order to pnn'cnt the dang('r of an 
(*.xc(*ss of wai.<n’ urnhu’ pressures trappcul b(d.w(Mm piston and (M)vcr 
wh(*n th<^ ('xhaust. valves hav() c1os(h1, relief valves arc^ litted t.o (5ach 
end of th(^ cylituhu’. • 

A HightfV<'d lubricator, h'', is provid(*d, and. (;onn(^ct(‘.d to the si-c^am- 
supply paKsag(*. 

Th(* cylindi'r is coaUul with a libnaxs non-conductor, such as 
aslx'stoH or slag wool, and cased iti shec^t stcud scnauHnl I)y screws 
litiing urnhu' tlu^ cylimhu’ cov(u* and stuHIng box as shown. 

Th(^ cylindtu' covcu* is a strongly riblx'd casting, having ]>rop(^r 
rec(^ss foi* piston nut and giving in. clearance. A polislu'd (!o\’er 
is litted, whi(;h forms an cllicicmt air-jacket and helps i.o kec^p the 
lagging in place. 

Tlui lifting lever of the sicamwaUx*. is fitted with a hardcunxl -slec'l 
tip, whicli is ('iigaged by th(5 trigg<^r-pi(xre il, ])rovid(Hl with similar 
hanh'nc'd-sti'cl tip. Thc’t maximum atiiount of contact is in., and 
is d(‘.termin(xl by an (‘xb'nding tail, T, which limits tin*. ('xUmt of 
engagiunent. 

The motion to lift the steam-valve is derived from an eccentric 
mounted on a suh* shaft, (1, driven by bevil gc'ars from tlu*. crank- 
shaft. The uppc'.r (md of the eccentric-rod is conne(‘t(‘d by two 
Hid(^ links, MN, to th(^ lifting lever-j>in (see Fig. .‘ 174 ), and when 
tht^ trigger is engaged, the lifting-lover, triggeu', and side links form a 
locked triangle. The upper portion of trigger is (uirvcd towards 
the buller-box K, and rides under a detacdung pad, which is formed 
on the (hdaching lever J, keyed on th(^ (*ut-off sj)indle L. 

The c.ut-olt* spindh^ is arrangcxl to give the lever J a movcmient 
approx imatf'Iy thc^ saim^ in direction as the tail of tlu^ trigger T, and 
the incliiH'd tail runs under the detaching pad and dtitaches the 
trigg(5r from the valv(‘-lifting lever. 

In all nu'chanical cut-off gears it is of the highest importance for 
the governor to regulate the point of cut-ofi‘with the smallest |)ossiblo 
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resistance to its movement from the gear itself, and it should be free 
to adjust its position during steam admission. The above arrange- 
ment is a good example of a detach- 
ing-valve gear, suitable for. governing 
on a low percentage of variation. 

The steam-valve spindle is ex- 
tended beyond the lever attachment, 
and is connected to a piston having 
turned Ramsbottom grooves (not 
rings) fitting in an air-buffer box. 
The piston has about in. clearance 
when the valve is seated. When 
the valve is lifted the piston draws 
in air freely through the ball-valve 
P (shown enlarged, Fig. 375), and 
when the valve is released the ball 
seats itself, and the air is forced out 
through the holes (regulated in area 
by the fine screw) in the upper part 
of the air-valve. 

A spring is provided to supple- 
ment the rush of the steam and 
ensure the prompt closing of the 
valve when the lever is released. 

■ By suitably regulating the air- 
valve, the valve can be made to seat 
itself rapidly and without noise. 

An extension-piece, Q, is made on 
the trigger to overbalance the other 
portions of the trigger and ensure 
engagement with the lever. 

A' double bearing is placed on the 
side of the cylinder to carry the 
side shaft C driving the valve gear. 

Two cams are used to open the 
exhaust- valves B, and the springs 
fitted to the extension of the ex- 
haust - valve spindles ensure the 
valves returning to their seats when the cams release. 

The separation of the steam and the exhaust valves possesses 
many advantages ; it lends itself to the perfect adjustment of the 
steam-cycle, the exhaust valve opening and closing being no 
longer inter-dependent as in the ordinary slide-valve, but the 
compression and exhaust opening can be regulated independently 
of each other. 

Adjustments are provided in the steam and exhaust valve coupling- 
rods and also in the valve spindles, which enable the lead and cut-off 
to be varied, and the exhaust valve to be slightly adjusted. 

A. lever and weight is placed on the cut-off spindle L to ensure 
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the trip being held out of action in the event of any accident 
happening to the governor or driving-gear, or when the safety device 
to stop the engine is operated. 

The cylinder is securely seated on two planed sole-plates let down 
on either side of the pit in which the exhaust valves work. 

Figs. 378 and 379 show an inverted arrangement of the Hartnell 
spring governor. The bell-cranks carrying the governor-balls are 
fitted with rollers, A, in the ends of the short arms, and push on the 
T-headed governor spindle B. The centrifugal force of the governor- 
balls has to overcome the spring resistance plus the dead weight of 



the complete head, which includes the box surrounding the spring 
and the double-ended bracket carrying the centres of the ball arms. 
A heavier governor is obtained by this arrangement than the 
simple spring Hartnell governor, which is liable to hunt when 
working on a fine variation. 

The added dead weight of the inverted head tends to check the 
inter-revolution variation of the governor due to the varying angular 
velocity arising from irregular turning effort on the crank-pin. 

The governor spindle is of steel, and is hardened at the bottom 
where it rests on an adjustable toe-piece, also hardened. 
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The governor is driven by skew-gearing, the driving wheel of which 
is keyed on the side shaft. 

The gearing is cased in and flooded with oil, so that constant 
lubrication is ensured. 

A cast-iron die-piece is held by set screws 
between the side levers, and the governor 
motion is transmitted therefrom to the cut-ofl 
gear. 

The communicating mechanism between 
the lifting levers C and D and the cut-off 
spindle L is arranged so that the valve gear 
is disconnected from the governor in the event 
of an accident happening to the governor, or 
of its being inoperative. 






F* comes into contact with the small inclined lever G- and moves the 
detaching lever so that the trigger cannot engage the trip lever, and 
the engine is stopped. 

Another lover, H, is also provided, to the end of which a cord is 
attached, which is connected electrically or otherwise to the various 
floors of the mill. In the event of urgent necessity arising to imme- 
diately stop the engine, the lever H is raised, and the small knock- 
out lever- J lifts the catch-link F, the weight falls, and the engine 
stops. 

Fig. 377 shows the piston-rod stuffing-box. It is arranged with 
the front flange fitting into a bored portion of the bed, the flange 
being bolted up to the end of the bed, thereby forming an efficient 
air-jacket for the front end of the cylinder. The stuffing-box is fitted 



328 


STEAM-ENGINE THEORY AND PRACTICE. 


with a long neck bush of brass, and the gland is also brass bushed. 
The edge of the flange projects over the cylinder and holds the lagging 
in place. 

323 and 324 show the 


Figs. 


girder 


bed 



for the same engine, 
which is cored out and 
planed to receive the 
cross-head. The flange 
is faced for attachment 
to the cylinder. Suit- 
able facinns are also 
provided to receive the 
side shaft and governor 
brackets. 

A large cast-iron oil 
receiver is sunk into 
the ground to catch 
all oil from main bear- 
ings and crank disc 
when standing. 

Bosses and facings 
are provided to receive 
the handrail and pillar. 

Fig 380 shows a 
cast-iron disc crank 
which is forced on 
shaft, and into which 
the crank-pin is also 
forced and afterwards 
riveted over. The 
crank-pin is oiled from 
a visible drop lubri- 
cator, carried by a 
column by means of a 
centrifugal oiler. The 
oil is applied in the 
centre line of the shaft, and flows outwards to tlie surface of the pin 
through the pipe by centrifugal force. 

The ball which receives the oil is divided at the centre, so that if 
the crank stops on its top centre the oil 'W'ill be retained in the cavity 
behind the rib, and not run out on the floor. 

Fig. 298 shows a piston, with studded junk plate designed for this 
engine. 

The studs have a collar, which is let into a recess, and a small pin 
driven into the side to prevent it turning. 

The piston block is coned on a swelled end on piston-rod with a 
l-in-8 taper. 

The rings are of L section, and the spring is of the usual plain coil type. 
Fig. 381 shows the arrangement of side shaft driving in conjunction 
with main girder. 
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The remaining details for the same engine may be completed from 
the examples given in the previous chapter on Engine Details. 

Proell Valve G-eaf. — Fig. 382 represents a section of a cylinder 
litted with the Proell valve gear, as made by Messrs. Marshall of 
Grainsborough. The gear consists of two equilibrium admission 
valves. A, one to each end of the cylinder. These are alternately 



lifted by means of the valve spindles, which are each connected with 
trip levers, B. The trip levers are depressed by means of the bell- 
crank levers C, which hang on pins, PP, on opposite ends of the 
rocking-lever M. This rocking-lever is keyed to the same spindle, 
O, as the lever IST, which is driven by the. eccentric. 
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The ends D of the bell-crank levers, projecting inwards towards the 
centre, are brought into contact at each stroke with the trip pad E. 
The trip pad is connected with the governor through the medium 
of the levers F and G and the shaft H, and the height of the trip pad 
determines the moment of cut-oif of the steam, for as soon as the end 
D of the bell-crank lever reaches the trip pad, any further movement 
of the rocking-lever disengages the bell-crank lever from the trip 
lever B, and the valve immediately closes. The closing speed of the 
valve can be very readily regulated by mean’s of the spring K, which ^ 
causes the valve to close rapidly and quietly. The Proell governor 
to work with this gear has already been described on p. 217. 


CHAPTER XXII. 

the coeliss engine, 

I HIH (nigiiH^ was the invention of the Ameiican engineer Qeo. H* 
Corliss, and first appeareil in 1850. It has been much used since, 
(^spjHaally for th<5 lai-ger siztis of high-class mill engines in all countries, 
^^*‘<^hiary mills and factories in America. 

1 h(^ Corliss \'alvo g(‘ar possesses the following important advan- 
iagt‘s 

1. Kediicnd ch‘aranc(i volume and clearance surface, owing to the 
shortness ot the, admission and exhaust passages obtained })y placing 
tile vaIv(‘H elos(‘ to the ends of th(‘, cylinders. In such cylinders the 
ehairanec^ will vary from 3 to 5 per cent, of the piston displacement. 

*i. S(*parat(‘ v'alves are used for steam and exhaust, the steam- 
vah'ijs l)eing at tlu^ top corners of horizontal cylinders and the exhaust 
valv(‘s at. the l)ottom corners, by which means, during the flow of tlie 
stiiam from the eylin<ler, the exhaust surfaces are swept clear id‘ water 
and a nai»iiral systcmi of drainage is thus provided. This advantage 
applies more* (*ap(*eial}y to horizontal cylinders. 

d, it maintains a wide opening during admission of steam with 
a Huddtm rtituru of th(^ valve at cut-off* thus 2 >rcventing wire drawing 
of tin*. Hii*am during admission. 

4. it piTmits of in(l<*pcndcat adjustment of admission and cut-off, 
rcihiase and comjiression. 

5. It |»rovi(l{*H an easy and effective method of governing engines of 
larger pow<*r, by regulation of the cut-off, through the action of a 
goviumor on the comjiaratively light working jiarts of the valve 
iliscmgaging gear. 

It is fn‘i|U(»ntly claimed for the emjiloyment of sejiarate steam and 
<‘xhauBt valv(*H that condensation is reduced because the entering 
Htc‘am coming through a separate passage, and not through that 
through whi(4i tlui steam is exhausted, does not come into contact 
with surfaces which have just been cooled down by tlie comparatively 
cold (exhaust steam, as is the case when the port is common to both 
admisHion and (‘xhaust but this claim is only valid if the area of 
(dmirance surface is reduced by the arrangement of separate valves, 
because in any case, all the surface up to the exhaust valve must be 
heated up each stroke whether the steam is admitted through the 
satiu^ or through a separate port. One important objection, to the 
Corliss \'alve gear is the limitation of the speed of rotation of engines 
fitted with it owing to its action being dependent upon the engage- 
ment and tripping of catclies. 

About 150 revolutions per minute is probably nearly the limit of speed 
(though speeds as high as 240 revolutions per minute are known in 
America). To avoid this limitation, the valve gear is now made for high 
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rotational .speeds without the trip-gear, the connection between the 
wrist-plate and the steam-admission valve being direct, and the 
regulation of the cut-off being obtained by varying the travel of 
the wrist-plate motion through a governor and link. 

Pig. 383 is an illustration of the general arrangement of a Corliss 
engine with a single eccentric for both admission and exhaust valves. 



rig. 384 shows in skeleton the arrangement of- levers by which the 
valves are driven. Motion is obtained in the first place frdm an 
eccentric on the crank-shaft which is connected by its rod to ' a 
vertical rocker-arm, QRS. Attached to the rocker-arm is the hook 
rod or lever FS which drives the wrist-plate W, and causes it to 
oscillate about its centre of motion 0. 
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Aii.at'liod to th(‘ wrist-plato aro four valv(‘ rods, two . marked BB, 



attaeh(‘(l to the two upper oi* Hteain-admissioii 
val\'(*B A A, aud two inark(‘d to i.h(^ two 
low(*r or eK haunt valviss KH. valvi^ rods 

aud levi'rs n,r(^ showtn in thr(*<‘ poHitions -in 
tlu^ iniddh*, and at tlu^ two (hkIh of their 
Hi<rok<’s. 

Th<‘ (‘xliauHf. - valv'(* rods are (‘.onneeted 
dircM’tly to th(' (‘xhaimt-valvi^ Hpindhss, but 
the adiniHHion-valve rods work looH(‘ly on 
th(‘ bo.sHc*H of th(^ valv(^»Bt(Mn braekcd.H. Thence 
levers enga^«‘ th<^ adminsion valv(^ by meauH 
of a trip or eateh, and the HtiMun-port is 
ther(d)y open(‘d during th<'. first portion of 
ilie piston path, after whicdi fb(^ ti*Ip dison- 
gag(*H th<‘ hn-cu* and th(‘ valve suddenly (dosi^s 
th(‘ port by means of th<^ weight or spring of 
the* dash-pot plunger. 

Tlie admission valve*, remains elos(‘(l and 
at rest during t-lu*. remainder of the stroke, 
also during tlui return or exhaust stroke, 
•until it is again engaged by the catch so as 
to move tlie valve in time for the new stroke 
of the piston. 

h^ig. 385 is a longitudinal and sectional 
vi<‘w of a Corliss steam valve. 

h'ig. 386 illustrates the trip-gear as used 
on the <‘arly Corliss erigiiu^s, and as still us(*d 
by many Ain(%ri(‘an engineers, and which is 
known as the ‘‘ (jrab-claw gear,” 
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The valve-rod B (Big.. 386) is driven from the wrist-plate. The bell 
crank lever AA is securely attached to the valve spindle C. A 
square-headed bolt D, with a hole through the square head, is at- 
tached' to the lower lever of the bell-crank A. The valve-rod B 

passes freely through the 
hole in the pivoted nut D. 
To the rod B a fork EE is 
pinned at F, and the lower 
limb of the fork is kept up 
to its work by a spring G as 
shown. A steel plate H is 
fixed in the upper face of 
the lower limb of EE, by 
which it catches the sleeve 
D of the lever A, 

When the catch H and 
sleeve D are engaged, as 
shown in Fig. 386, then the 
movement of the valve-rod 
Fir,. 38G. B to the left pulls also the 

bell-crank lever A A, and 
turns the valve on its spindle C, so as to open the steam-admission 
port. Cut-off at any required point is obtained by means of a dis- 
engagement of the catch H which liberates the bell-crank lever, and 
the valve is suddenly closed by the pull of the lever P. 

Disengagement of the catch is effected by means of a projecting pin, 
R, on a separate lever, S, which rides loose on the valve spindle C, and 
which is connected to the governor by the rod K. 

At a given speed the position of the projecting pin R remains 
constant, and as the lever A is pulled by the catch H towards the 
left, the curved upper limb of the lever EE comes into contact with 
the pin R and is depressed, and the catch H is disengaged from D. 

The valve spindles are rectangular where they pass through, the 
valves (Fig. 385). The valves may thus be easily twisted as required, 
and, at the same time be free to move outwards relatively to the spindle 
as wear takes place. 

Fig. 387 shows an arrangement of Corliss valves for a vertical 
engine. S, S are the steam-admission valves, and E, E are the exhaust 
valves. The steam enters the cylinder through the port a, and 
leaves the cylinder through the opening 5, w'hen the exhaust valve 
uncovers the exhaust port c. The valves are hore shown for mid- 
position of the eccentric, that is, the exhaust valves are just about 
to open or to close their respective ports, and the steam-admission 
valves overlap the ports, the amount of overlap in this position being 
the true ‘Gap” of the valve as in the ordinary slide-valve. In 
addition to this lap, the valve, when liberated by the trip gear, 
swings further and covers the port by an amount greater than the 
lap, as shown by the dotted positions in the figure. This additional 
movement is called the “seal” of the valve, or the “dwelling angle.” 
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To set the Valves of a Corliss Engine. — Usually marks are placed 
oil tli(‘ ends of ih(‘. valves and on the valve-box, showing the relative 
positions of tlH‘ Working edge of 

tht‘ valves and of the port. Thus S E 

in Fig. :>S7, li is tle^ working p Pn 

<M!gt' of th(^ st(^am-valv(^ and 3 ^ 

of th(‘, st(‘am™pori, ; also 4 is the ii 

working (‘dge of tlu^ exhaust / Jl 'AI 

vahe and 5 th(‘ working (‘dg(‘ of 

the (exhaust port. A eentres line to 

is drawn on the lioss of the 3 ;/ i / \ \ ^ 

wrist plate, and three lines ar(‘ // \ j 

drawn on th(^ p(u*iphery of the I \ ‘ \‘ 

wrist -plate support., correspond- l \ * 

ing with th(‘. middh^ and t.wo : • I \\ 

(‘IK I positions of th(‘ wristrplat(‘ I 1 | \ \ 

c<‘ntr(‘ lin<^ {se(‘ Fig. 390). // 1 ; \ ‘i 

First the wrist plate is set in j \’ 

it-s iniddl(‘ position with its c.(mtre • i 

liiN^ V(‘rticaL 4'he steam '\’aIv(*H /'"^X • I X^\\ ' 

an‘ th(‘n s(4i so that, tln^y (^ach / \ \i \ \ 

hav(^ th(^ n‘({uir(‘d amount of la|). y __ ^ ^ 

In th(^ Fig. 3(S7, th(‘. amount by r ^- — ^ 

which th(^ t‘dg(^ 2 of the valvi^ \ / / 

overlaps tlu^ (‘dg(^ 3 of t.li(‘ port ‘X ‘I J • 

when th(^ wrist, plate is in mid \ l^ ' I 

position, is th(‘ lap of tlu^ valv(‘. \ \ 

Tlu’t amount, of la|) givcm de- \\ , 

pends upon tli(^ size of theumgine, \\ • ; / / 

a,nd may vary from ^ in. to j in. m ! \ // 

in small <mgines, t.o ^ in. or mor(^ A j I j 

in larg(U' <mgin(‘s. 'A j I // 

4'h(* amount, of lap can b<‘. varied d : ; // 

hy shorhming (»r hmgt.hening t.he ' 'A . | // 

valv(* rods hy nutans of the ad- c 

juHlabh‘ nuts on th(^ va.lve rods. 

Himilarly, wlum the wrist- fr W\ 

■ plat(^ is in mid position, the ex- i .'u 'J\ 

haust valv(^ (‘dge^s 4 are a,dJuHt(‘(l ^ 

(‘(|ually in lioth exhaust valv(‘8 

t.o th(^ (;xhaust-”port (‘dgCH 5. ^ 

When the exhaust valves have ^ £ 

no lap, as is often th(^ case, them Fm. 387. 

the (Hlgc‘H 4 and 5 coincide for 

both the exhaust valv(\s when the wrist-plate is in mid position. 

The nuhnn* arm— to which the (eccentric rod and wrist-plate lever 
are attach(‘d -stands vert.ical for horizontal engin(\s (see QR,S, h4g- 
3H3), or liorizontal for vertical engine.s, when the wrist-plat(^ is in 
mid position. 
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Fig. 388 gives a wrist-plate diagram. OD and OB show the ex- 
treme positions of the levers, and 00 mid position. This is a case in 

which a double reversal of stress, 
takes place in the levers and pins 
during each forward and back- 
ward stroke of the wrist-plate. 
This is shown by the passing of 
the levers AB and OB outside 
the dotted line joining the centre 
O of the wrist-plate, and drawn 
tangent to the valve-lever arc, 
thus reversing the angle between 
the radius of the wrist-plate and 
the valve-rod. This is an objec- 
tionable arrangement, and should 
be avoided where possible. 

Setting of the Eccentric, for a 
single eccentric and one wrist- 
FiO. 3S8. plate working both admission and 

exhaust valves. If the steam- 
valves and the exhaust valves have no lead, that is, admission and 
release take place at end of the stroke, and there is no compression, 
then the eccentric is set at right angles to the crank and it has 
zero angular advance. In this case the latest point of cut-off possible 
is at half-stroke of the piston, because the eccentric controls the 
valve during 90° rotation of the shaft as a maximum, past the point 
of opening of the valve. At or before the end of the valve stroke 
the trip gear, which is worked by the governor, liberates the valve, 
which suddenly closes and cuts off the steam-supply. The trip gear 
can only act during the movement of the gear through some portion 

of this angle. In order to obtain lead of 
the valve, an early release, and moderate 
compression, the eccentric is given angular 
advance. This still fiirther reduces the 
number of degrees during which the eccen- 
tric has control of the valve, and the maxi- 
mum point of cut-off is at some point 
earlier than half-stroke. 

Thus, if the eccentric. Fig. 389, is set 
with an angular advance 0, then the eccen- 
tric is at E when the crank is at C. 

When the crank has moved through an 
angle COG', the eccentric has reached E', 
the position of maximum opening of the valve, and the trip gear 
must have acted at or before this point. Hence crank position C', 

that is, cut off at ^ of the stroke, represents the latest point of cut-off 

possible with this arrangement. 

If the valve lever were connected to the wrist-plate without any 



Fig. 389. 
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trip gear, then the valve would gradually return and the port be 
closed when the piston is at some point, near the end of the stroke 
as with an ordinary slide-valve without lap, but in that case the 
special feature of the Corliss gear would disappear, as it was designed 
to provide an efficient means of obtaining a range of early cut-off 
points to secure economical expansion of the steam in the cylinder. 

If a larger range of expansion is required than that provided as 
above, it is possible to secure it by the use of two eccentrics and a 



double wrist-plate : one for the admission valves and the other for 
the exhaust valves, as shown in Figs. 390 et seq. 

Considering further the case of the single eccentric, from Fig. 
384, it will be seen that the wrist-plate pin, F, travels through an arc 
■ dd' about its centre o, this angle being bisected by the vertical centre 

line through o. If vertical lines be projected from points dd' to the 
horizontal centre line through o, and cutting it at ee' respectively, 

i ^ . 
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then is the diameter of the virtual or equivalent eccentric giving 
the movement dS! to the wrist-pin, and the throw of the actual 


eccentric 


ed X ^ 
QS 


The movement at the edge of the valve, for a given angular 
movement of the valve lever, is measured on the valve circumference. 
An important point to notice is the means which the wrist-plate 


ill 


j 




Fig. 391. 

provides for giving the valve small movements when closed, and 
large, and therefore quick, movements when the port is open. This 
reduces the power required to drive the valve gear to a minimum. 
Thus, in the example, Fig. 384, during the movement of the wrist- 
plate- through the first and second half of its total arc, the steam- 
admission valve moved through 11° and 27° respectively, and the 
exhaust valve 11° and 27° respectively. For ordinary engines of 
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the t.ypc illusfrali'd in Fijr. llio aiiKukr advance of the eccentric 

IS ina(l<‘ about. la' . 

The dianieler of ih.. valv(^ = !- diameter of cylinder. Tlie lejigtli 
ol the St enm admission port = diameter of cylinder, and the width 
ot the. port, ns for all ordinary etiieines of the slide-valve type, = 

area of piston in sipiare feet X pistiai spi-ed in foot per minute 
(U)0U X leiiffth of port in feet ‘ ' 

'I'he width of t he e.xhaust, port is made about U times that of the 

atlruissi(ai part.. 

Fiits. ilhu to ;M»;i .show (lorliss cylinders in elevation and section 



Fm. .S!)2. 


far A 15 in. x X 55 in. cross-coupled compc^id engine, main 

hciiririgs 9 in, x 15 in., running at 105 revolutions per minute, 
flcvf^loping 340 LH.P. as a r(*.gular load, and 425 I.H.P. with an 
ovarloiwt, i60 11 >h, holler pnmurt^, 26 in. vacuum. 

Figs, 392 iind 39«3 are longitudinal and transverse sections of the 
high"pr<mun‘ (sylindoi* ; the Iow-|>r(^ssuro cylinder is of similar design, 
Imi largf^r diatnokn*, and is not shown, 

Tlici OorliHK valve*, gciu’, sliown in Figs. 390 and 391 , has a double 
wrist plate, one* for open’ating thci stK^am-valves and one for tlie 
exhaust viilvos. This arrangement allows the steam to be admitted 
with a suitable lead, and it provides a I’ange of cut-off which may be 
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varied from 0 to | of the stroke. It also enables the compression to 
be adjusted to the varied requirements of the speed and load of the 
engine without interfering with the steam-admission arrangements. 

We have already seen that with the ordinary single wrist-plate 

gear, driven by one eccen- 
tric, when we have a 
small amount of lead and 
moderate compression, 
the point of cut-off cannot 
be later than about | of 



the stroke, 
smartly 


But for 


handling con- 
siderable changes of load 
with minimum change 
of speed, the ordinary 
single eccentric gear is 
not so good as the double 
wrist-plate gear. 

In the latest examples 
of Corliss engines for 
central-power stations, 
double wrist-plates are 
used on both high- and 
low-pressure cylinders, 
and the cut-off in both 
cylinders is regulated by 
the governor. By cut- 
ting off early in the low- 
pressure cylinder at light 
loads, as well as in the 
and by having a 
receiver volume, 
the pressure in the re- 
ceiver may be maintained practically constant and kept fairly high, 
by which means this storehouse of steam is instantly available for 
duty in the low-pressure cylinder to promptly take up any large 
increment of load that may occur at any moment, without any serious 
change of speed ; whereas, in an ordinary engine with a small 
receiver and a cut-off on the high-pressure cylinder only, the steam 
in reserve for the low-pressure cylinder is practically nothing at 
light loads, and time would elapse before the low-pressure cylinder 
could help to deal with a sudden increase of load, and this would 
necessarily result in the mean time in considerable falling off of speed. 

Details of Trip Motion (Fig. 394). — The trip arrangement consists 
essentially of four pieces : (1) the valve-driving lever A, keyed direct 
to the valve spindle C, and which carries a hardened steel block, B, 
on which the trip catch D engages ; (2) the double-armed driving- 
lever EE receiving motion from the wrist-plate through rod J, and 
mounted loosely on the overhanging wrought-iron tube in valve 


Fig. 393. 


high;, 
large 
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bracket, and which has a stud in the upper boss carrying (3) the 
hanging trip catch DD. The trip catch is arranged to fall in its 
place by gravity when the lever EE, on which it is mounted, moves 
Into its ^ extreme forward (anti-clockwise) position, and on the return 
(clockwise) stroke of the lever the catch then engages with the 
hardened steel block B on the valve-driving lever A, the effect of 
wKicb. is to move the valve on its own axis, C, and open the steam- 
admission port. 

The catch is liberated by coming into contact with a detaching 
cam (4), marked E, which 
is formed on a ring working 
loose on the boss of the 
driving-lever, and having 
an extended ai*m, which is 
attached by a rod K to the 
g<jvernor. The upper arm 
of the trip catch DD is 
sharped to a suitable angle, 
ancl slides up against the 
detaching cam, F, by which 
means the hardened edge 
Jy of the catch is disengaged 
from the block B, the valve 
spindle is liberated, and the 
valve is immediately re- 
turned by the pull of the 
dash-pot lever M to its po- 
sition of rest, closing and 
overlapping the steam-port. 

Au supplementary spring, 

H, is placed behind the trip 
catch to assist gravity and 
to make engagement cer- 
tain. The governing cam 
is moved as required by the 
governor through rod K, 
and it varies the point of 
cnt-off by varying the posi- 
tion of the point of contact 
F from zero to the maxi- 
mum capacity of the gear. 

TDe period of impact of the detaching mechanism is very short, and 
a» moderately powerful governor is unaffected by it. The governor 
is free to move during the admission of steam, and can be made 
oiKtremely sensitive, say within 1 per cent, variation. 

The Dash-pot. — The function of the dash-pot is to return the 
steam-valve quickly and noiselessly when the governor releases the 
trip catch. The dash-pot piston is sometimes pressed down by atmo-. 
spheric pressure, a vacuum being formed under the piston as it is 



Fig. 394. 
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raised by the valve-gear during steam admission. The dash-pot 
(Fig. 395) is controlled by a spring in preference to depending on 
I vacuum. The speed of 

closing can be accele- 
rated or retarded by 
/ \ regulating the air- 

/ / \ \ escape plug A/ which 

gives a less or greater 
I V / / ' compression of air as 

\ escape plug is 

/ opened or closed. 

The lower cover of 

• the dash-pot holds in 
place two pieces of 

• ^ leather which form a 

1 pad or buffer, and finally 

i ^ bring the valve and 

i dash-pot piston to rest. 

ball-joint is pro- 
j vided so that the con- 

I nection between the pin 

I ^ in the steam-valve lever 
— ^ and the dash-pot piston 

1 'zt can adjust itself to the 

t I line of least resistance, 

Fig. 395. -Dash-pot Details. that is, the line of least 

friction. 

Fig. 396 shows an enlarged view of the air-escape plug. 

The details of the other parts of the gear explain themselves. 



Diagram of Steam- 
valve Movements. — 
Fig. 397 shows a geo- 
metrical analysis of 
the movements of the 
steam-admission valve 
gear. Arcs A, B, C, 
and D represent re- 
spectively clearance 
movement of valve 
lever to effect engage- 
ment of trip with valve 
lever, steam-lap, lead, 
and admission. 


Fig. 396.— -Dash-pot Details. The point of cut-os' 

is determined by the 

governor, and the maximum is made as great as is consistent with 
the certain disengagement of the trip. The relation of crank-pin 
.to eccentric is seen by following the successive positions of the 
periods A, B, C, and I) from the valve-lever, through the top and 
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bottom pins of the wrist-plate, to the circle of the eccentric 
path. 

It will be seen that the eccentric has negative angular advance 
that is, the eccentric has not moved through 90° from its extreme 
position when the crank is on the dead centre, but through an angle 
6 less than 90°. 



Diagram of Exhaust-valve Movements. — The theoretical indicator 
diagram, Fig. 398, is first drawn to decide upon the points of release 
and compression, and the respective position of these points is pro- 
jected to the crank-pin 
circle below the indicator 
diagram. 

Radial lines are drawn 
showing the crank posi- 
tions at release and com- 
pression, that is, when the 
exhaust port opens and 
closes. If the angle be- 
tween these crank posi- 
tions be bisected, the 
crank position is obtained 
at which the exhaust valve 
is at the extreme end of 
its travel ; in other words, 
this is the crank position 
when the eccentric is on 
the dead centre, or vice 
versd it is the eccentric 

tb, rdativ. position, oi sr.nk .nd 

eccentric are as shown in Fig. 398. 


ANCLE OF CEANK PIN. 



Fig. 398. 
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Fig. 399 is a diagi*am showing the respective positions of crank, 
eccentric, wrist-plate, valve-rods, and levers for the exhaust valve. 

The circle of eccentric travel is fii-st drawn on centre A, and the 
circumference divided into any number of equal parts numbered 
consecutively. These points are projected to the centre line, and 
with the length of the eccentric rod as radius corresponding points 



are transfixed on the travel arc FG on the wrist-plate. The dis- 
tances thus obtained are then marked on the path of the pin HJ, and 
with the length of the exhaust valve-rod K as radius the movement 
of the exhaust pin on wrist-plate is marked off on the path of the 
pin of the exhaust valve-lever LM. It will be noticed that the 


ADM/SS/OAf 


EXHAUST 



movement of the valve during the half-period from 4 to 7 position 
(see valve lever arc LM) is much less than that during the half- 
period from 1 to 4. 

The pin on the vibrating lever from which the wrist-plate is 
driven is taken to represent the travel of the valve. The real travel 
of the eccentric is proportionately less, depending on the length of 
the lever connections. 
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Fig. 400 is a drawing of the wrist-plate details, showing the admis- 
sion and exhaust wrist-plates on the same spindle. 

Fig. 401 shows details of valve spindle gland and bracket. Fig. 402 
shows in detail the adjustable head of the valve-rods. 



As an example of the performance of engines of, the compoimd 
Corliss class, the following results are given from a test of a pair of 




compound horizontal Corliss engines, made by Messrs. Hick, Hargreaves 
& Co., of Bolton. 

30 in. 

56 „ 

6 „ 

5 ft. 

4 per cent. 

5 „ 

25| in. 

20 „ 

3i „ 


Diaiieter of pistpn, high pressure 
„ low pressure 

Diameter of piston-rods 

Stroke - 

Clearance of high-pressure cylinder 
Clearance of low-pressure cylinder 

Diameter of air-pump 

Stroke of air-pump 

Diameter of air-pump rod 
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IHanu't^’r main Ht<‘,am-pijK‘. 

Flywlied (Uaim'tnr, jj^roov(‘(l to receive 30 ropes 
Volume of rc'c.eivcsr Ix^iween liigli-prcssuro exliaust 
valves and lovv-presHure admission valves 

Boiler pruHHure 

Bintnii speed 

TotiiH.lLP • ... 

Dry Hteam per I.H.B. per liour 

Dry coal per I.H.l*. per liour 


12 ins. 

26 ft. 

117-12 cubic ft. 
112 lbs. 

606 ft. per min- 
882-2 
14-42 lbs. 

1-74 „ 




Fra. 405. 

Fig, 405 giv(jH reduced copioB of the indicator diagrams. 

FigH. 40:) and 404- are t he*, elevation and j)lau of a pair of 13-iii. X 26~in. 
eempb'd gt^ared winding engines suitable for sinking and winding 
in aurifcjrous <.*ountries. 


CHAPTER XXIIL 

QUICK-REVOLUTION ENGINES. 

Considerable hesitation is often felt by engineers accustomed to slow 
rotational speeds to the introduction of engines running at speeds so 
high that the separate working details become almost indistinguish- 
able. Eut experience— and by this time a very large experience — 
has shown that such hesitation is unnecessary, and that' with a 
design suitable for the purpose, such as is now supplied by several 
firms making a speciality of high speeds, no trouble need be expected 
on the score of rate of revolution. 

The quick-revolution direct-coupled steam-engine is the result, in 
the first instance, of the urgent demand for such engines for the 
direct driving of dynamos* 

In order to combine high speeds with large power, it is necessary 
to make the piston area large as compared with the length of stroke, 
and this suggests the probability of loss of efficiency by excessive 
clearance. The volume of the clearance in any cylinder varies nearly 
with the area of the piston, and is independent of the length of 
stroke, and when expressed as percentage of piston displacement, the 
proportion of clearance will obviously increase as the length of stroke 
decreases. 

In the long-stroke engine the clearance may be from 3 to 7 per 
cent., -while in the short-stroke type it may range from 10 to 20 per 
cent, or more. Where the compression does not reach initial pressure, 
the loss by clearance may thus be large, but this loss is reduced when 
the engine is compounded, hence the special value of compounding 
in the short-stroke type of engine. 

Apart from the application of such engines for direct driving of 
dynamos, some advantage of the high rotational speeds are (1) that 
such engines may be smaller for a given power. (2) They give a 
more even turning moment than the slower engine of the same power. 
(3) There is a gain in steam economy at the high rational speeds, 
owing to the maintenance of a higher mean temperature of cylinder- 
walls, and a consequent reduction in the amount of condensation in 
the cylinder, when compared with the long-stroke engine. 

Single-acting Engines. The Willans Engine . — This famous engine 
is the design of the late P. W. Willans. It has been the subject of 
most exhaustive trials and experiments, the results of which, are 


quick-revolution engines, 34c 

published in the Proceedings of the Institution of Civil Engineers,' 
aiid form classical studies on steam-engine performances and economy 
The arrangement of the engine will be understood from Fig. 406. 
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Fig. 406.~The Willans Engine. 

In the first place, it is a “ single-acting ” engine, that is, the steam 
acts upon one side of the- piston only. A disadvantage of this 
arrangement is that for a given power the cylinder capacity must be 

' Froe. Inst. C.E., vole, xciii., xcvi., and cxiv. 
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twice as great as in a double-acting engine, or else the engine must 
run twice as many revolutions per minute. The advantage of making 
the engine single-acting is that it may be run at the highest speeds 
comfortably, without any danger of knocking, and without the 
necessity for frequent adjustment of brasses, because in the single- 
acting engine the working parts are in a condition of constant thrust^ 
that is, the piston-rod is pressed against the crosshead-pin, and the 
connecting-rod against the crank-pin, not only during the working 
stroke, but during the return stroke also. There is no tendency to 
knock, because there is no change of direction of force transmitted. 
In order to secure that the condition of constant thrust is maintained, 
and that the connecting-rod and piston-rod are not flung away from 
their respective pins on the upper portion of the up-stroke, an amount 
of compression must be provided (either by the steam or by other 
means) which shall always cause a downward pressure in excess of 
the upward accelerating force. In the Willans engine, the requisite 
compression is obtained by means of an air-chamber above the guide- 
piston — the lowest piston on the rod. This piston on the up-stroke 
compresses the air contained in the chamber above the piston, and 
thus any amount of compression can be obtained according to the 
clearance allowed. The work expended in compressing the air is 
given out again by expansion on the succeeding down-stroke. 

The slide-valves are of the piston type, all on one rod, and work 
inside the hollow piston-rod, the valves moving over ports cut in the. 
form of elongated passages in the hollow piston-rod as shown. This 
arrangement reduces clearance volume to a minimum, and serves as 
an excellent means of draining the cylinders of water, the water 
being swept out with the exhaust steam when the valve uncovers 
the port. 

Steam is admitted above the top piston through ports in the hollow 
piston-rod, and is exhausted to under side of same, in each case 
entering and leaving the cylinders through ports in the piston-rod. 

Each line of pistons is connected to its corresponding crank by 
two connecting-rods, with a space between them, in which works an 
eccentric forged solid on the crank-pin. 

The reason the eccentric is on the crank-pin, and not on the shaft, 
as usual, is that the valve-face (i.e, the inside surface of the hollow 
piston-rod) moves with the piston ; consequently the valve-motion 
required is a motion relative to the piston, and this is obtained by 
mounting the eccentric on the crank-pin. 

The cranks dip bodily into the lubricant in the crank chamber 
every revolution. In doing so they splash the oil over the main 
bearings and other portions requiring lubrication. 

The engine is governed by a throttling governor. 

References are made to the high economical performance of this 
engine elsewhere (see pp. 314 and 315). ■ 

The Peache engine (Fig. 407) is another example of a good type 
of single-acting engine. The excess pressure is maintained on the 
pistons, in the direction of the crank-shaft, during the up-stroke, so 
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that a constant thrust is maintained on all bearings both on up and 
down strokes, by means of the compression and subsequent expansion 



of steam in the space between the high-pressure and low-pressure 
pistons. Distribution of the steam is effected by a valve gear deriving 


Fig. 407. — The Peache Engine. 
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its motion, from a point on the connecting-rod. This valve motion 
provides for the placing of the valves in a convenient position at 
the back of the cylinders. There are no eccentrics on the crank- 
shaft, and therefore room is left for long and well-supported crank- 
shaft bearings. The crank-shaft and other working parts run in a 
bath of oil and water. The engine consists of three tandem compound 
engines combined and working on cranks at 120°. The steam is 
distributed to the two cylinders of each engine by a single piston valve. 
The steam enters by a branch on the low-pressure cylinder-casting, 
and at the centre-line of the steam-chest, and passes right and left by 
passages formed in the casting to the other two steam -chests. At the 
top of the stroke the high-pressure piston uncovers two small bye-pass 
ports which communicate with the space underneath that piston, and 
thus for an instant at the top of each stroke the space called the con- 
trolling-cylinder is placed in communication with the high-pressure 
cylinder, and by this means the initial pressure of steam in the con- 
trolling cylinder is maintained at a constant proportion to that in the 
high-pressure cylinder. 

In the condensing type engines, in which the ratio of expansion 
and range of temperature is large, a steam-jacket is applied to the 
controlling cylinder, so that the steam in the controlling cylinder becomes 
a medium for the transfer of heat from the steam-jacket to the working 
surfaces of the high-pressure and low-pressure cylinders. 

To maintain a constant thrust on the valve-motion an air-bulFer is 
adopted. 

A feature of this engine is the position of the crank-shaft, which 
is placed in front of the cylinder-axis. This position is adopted to 
obviate reversal of pressure of the cross-head on the guides, which 
occurs in a single-acting engine with the usual position of crank- 
shaft. It will be seen that the connecting-rod is nearly vertical 
during the down-stroke, when the heaviest pressures are being trans- 
mitted by it, and that during the up-stroke, when the angle the 
connecting-rod makes with the piston-rod is large, the pressures 
transmitted are small, but the angle of the connecting-rod being 
always towards the back cross-head guiding surface, the resultant 
pressure is always on the back guide. 

Results of Trials of 150 Horse-power Peache Compound Engine. 



Condensing. 

Non-condensing. 

Steam-chest pressure 

94 lbs. 

119 lbs. 

Revolutions 

... 438 

438 

M.E.P 

... 40*01 

42*96 

I.H.P 

... 141 

150*5 

E.H.P 

... 124*3 

128*0 

Efficiency per cent 

... 88*3 

85 

Steam per I.H.P. per hour 

... 18-4 

22 

. E.H.P. „ 

... 20-9 

25-8 


The Beiliss Engine , — This engine well illustrates the possibility of 
running double-acting engines at high rotational speed without fear 
Of excessive wear and knocking. It is claimed for it that its success 



COMPAHATIVE TRIALS OP Belliss 250-H.P. High-speed Selp-ltomcating Engine, Condensing, when governing by 

Expanding and by Throttling.* 
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* From Froc. Inst. Mtch. Engineer 1897. 



Fig. 408. — The Belliss Engine. 


return stroke, when the pressure is reduced on one side of the pin; 
while on the driving stroke the time is not sufficient to squeeze the 
oil from between the surfaces, before the pressure is again reduced 
and the supply renewed. 

The difficulty felt in running double-acting engines at high rotational 
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speeds arises from tlie known necessity of close adjustmeiir of brasses 
to avoid audible knock and ensure quiet running ; and this necessary 
closeness of adjustment renders the pin and its bearing liable to get 
hot and the pin to seize. The liability to seize arises from the fact 



that, owing to the necessary closeness of fit, any small increase of 
temperature in the pin causes sufficient expansion to make it overtake 
the small clearance permissible when cold, and trouble immediately 
follows from seizure of the pin.^ 

I See Dales on “High-speed Engines,” Proc, Inst. C.R, vol. cxxxvi. 



Fig. 410 . 
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There cannot, however, be any increase of temperature in the pin 
so long as the pin and its bearing are well supplied with oil between 
the surfaces, hence the value of forced lubrication. 

In the Beiliss engine the forced lubrication is supj)lied to all the 
bearings by means of a simple pump without valves or packing, dis- 
charging the oil at a pressure of about 15 lbs. per square inch through 
a specially arranged system of oil-distributors shown in Fig. 408, 
which is a sectional elevation of the Beiliss engine. Fig. 409 is a 
side elevation of the same engine. ^ 

It will be seen that the steam is supplied to the engine after first 
passing it through a large separator, where water-particles in the 
steam due to priming in the boiler or condensation in the pipes are 
separated, and the steam is passed forward in a drier condition to the 
engine. 



There is only one slide-valve for the two cylinders placed between 
the high and low pressure cylinders. It is of the piston type, and 
is driven by a single eccentric as shown. 

The governor is of the throttling type, working an equilibrium 
throttle-valve (Fig. 409), and is adjustable by hand while the engine 
is running. 

The table shows the performance of this engine under two different 
systems of governing. 

Plate II. and Figs. 410, 411, 412 are sectional drawings of a high- 
speed double-acting compound engine specially designed for this book 
by Mr. T. Scott-King. 

The engines have 10 in. x 1-6 in. cylinder X 8 in. stroke ; the 
cranks are opposite. 

^ From the Prooeedings of the Inst, of Mech Bngrs. 




quick-revolution engines. 


359 


It will be noticed from tlie plan (Fig. 412) that tlic centres of the 
cylinders are kept as close as possible by arranging the high-pressure 
valve somewliat in front of, and the low-pressure valve behind, the 
centre line of the two cylinders. 

The slide-valves are driven by one eccentric only, the valve-rods 
being connected to separate arms extending from the eccentiic rod. 
Both of the valves are of the piston type : they are therefore in 
equilibrium. ^ J 

The weight of the moving parts of the two engines is made equal, 
by increasing the thickness of the high-pressure piston. 

Exceptionally long metallic-packed piston-rod * stuffing-boxes are 
provided. 

The engine is fitted with a very complete system of forced lubrica- 
tion to all the bearings, the lubricant being forced by means of a simple 
pump driven from tlie eccentric strap. Advantage is taken of centri- 
fugal force to distribute the oil to the crank-pins and eccentric. 

A throttle- valve governor is attached, as shown, and the working 
parts of the engine are completely enclosed. . 

F'igs. 413 and 414 are illustrations of the Sissons Jiigh-sjpeed engine. 
The spt^ual features of the engine are (1) the self-adjusting crank- 
pin brasses in the large end of the connecting rod already shown in 
Fig. 320. 

(2) The arrangement of the cylinders so that the centre-lines of the 
engines may be kept as close together as it is possible to get them. 
The object of this is to reduce the rocking moment ; the high-pressure 
piston and its long piston-rod are together made equal in weight to 
the low-pressure piston and its rod. The rocking moment of the 
couple is as nearly as possible counteracted by balance weights 
attached to the outer crank webs. The cranks are opposite, and the 
engine runs very steadily. 

(3) Tlie slide-valves are both of the piston type ; the high-pressure 
valve has inside steam-admission, and the low-pressure valve has 
outside steam-admission ; thus there is simply a plain neck connecting 
the liigh-pressure cylinder exhaust with the low-pressure cylinder, 
and no stuffing-box is required there. The only valve-spindle stuffing- 
box is at the lower part of the low-pressure cylinder, where it is exposed 
to the pressure and temperature of receiver steam. The valve-spindle 
is provided with an air-cushion cylinder, thus reducing, the load on 
the valve-gear to a minimum. 

(4) This engine lends itself well to the use of superheated steam, 
first because of the absence of a valve-spindle stuffing-box in the 
initially superheated steam, and secondly because of the length 
of the bush of the high-pressure piston-rod, which removes any 
possibility of difficulty occurring with the high-pressure stuffing- 
box. 

(5) This engine is fitted with a governor (not shown) which 
acts on the cut-off, varying the number of expansions during the 
fall from full-load to medium load, and afterwards completing the 
governing of the engine by throttling. This system of governing 
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is in accordance with the teaching to be deduced from Kg. 367, from 
which it is seen that below a certain load thi'ottling governing is 



Fig. 413. 


the more economical ; aboye that lolid, governing by variable expansion 
has the advantage. 
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Direction of the Stresses in Single- and Double-acting Engines.- 

In the single-acting engine there is in every revolution — 

(1) A reversal of the 
twisting stress in the 
crank-shaftj the piston 
driving the crank during 


the down - stroke, 
the crank lifting 
piston during the 
stroke. 

(2) A reversal of 
mean direction of 
bending stresses on 
crank-pin. This 


and 
the 
up- 

the 
the 
the 
will 

be seen by considering 
tlie diagram (Fig. 415). 
Thus, suppose the circle 
12 3 4 to represent the 
crank - pin travelling 
round the circular crank- 
pin path of a vertical 
engine. Here, when the 
piston is at the top of 
its stroke, there is a 
vertical bending stress 
on the crank-pill in the 
direction 1 to 3 ; at 
half-stroke downwards, 
the bending is in the 
direction 4 to 2 ; at 
the bottom position, the 
bending at end of stroke 
is in the direction 3 to 
1. The mean bending 
is in the direction 4 to 2. 

On the return stroke 
the crank lifts the 
moving parts, and the 
mean bending stress is 
now in the direction 2 
to 4, which is opposite 
to that in the downward 
stroke. 

In the double-acting 
engine the twisting 
stress on the crank-shaft 
and the mean bending 
and in these 
engine. 



action on the 
respects the advantage 


Fig. 414. 

crank-pin are 
is with the 


not reversed, 
double-acting 
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On the other hand, in the double-acting engine there is — 

(1) A reversal of the stress in the piston-rod and connecting-rod, 
these rods being in compression on the down-stroke and in tension 

on the up-stroke. 

(2) A reversal of the bonding stress on the 
cross-head pin. 

In the single-acting engine there is no 
reversal of stress in the piston-rod and con- 
necting-rod, these rods being always in com- 
pression for both strokes; and the bending 
stress on the cross-head pin is always in one 
direction. In these latter respects the single- 
acting engine has the advantage. It will 
also be noticed — 

(1) That in the double-acting engine the 
wear on the cross-head pin is on both its 
top and bottom surfaces, and on both the top and bottom cross-head 
pin brasses — hence the tendency to knock ; while in the single-acting 
engine the wear is on the upper portion only of the cross-head pin, 
and on the top cross-head brass only. 

(2) That in the double-acting engine the wear is on both the top 

and bottom of the crank-pin brasses, causing a tendency to knock ; 
while in the single-acting engine the wear is on the top crank-pin 
brass only. ^ 

(3) The pressure on the brasses in single-acting engines being 
never entirely relieved, the lubricating arrangements require to be 
carefully designed. 

The crank shaft has probably been the cause of most trouble in 
high-speed engine practice, the fault being usually want of suflicient 
diameter, and a consequent tendency of the shaft to bend, causing 
uneven wearing in the bearings, heating, and more or less frequent 
breakages. 

Shafts are now made' of larger diameter than formerly, the objection 
to increased rubbing velocity at high speeds is removed by improved 
methods of lubrication. 

The shafts and other working parts are further stiffened by using 
steel of high tenacity. 



CHAPTER XXIV. 

THE MARINE ENGINE. 


Figs. 416, 417, 418 illustrate types of triple-expansion marine engines 
showing various arrangements of cylinders. The letters of reference 




TO CONDENSER 



Fig-. 418. 


on the cylinders — H.P., high- 
pressure cylinder ; I.P., inter- 
mediate-pressure cylinder ; and 
L.P,, low-pressure cylinder — 
indicate the progress of the 
st(iain from admission to the 
high - pressure steam-chest to 
leaving the engine on its way 
to the condenser. 

Fig. 418 shows two low-pressure cylinders. This arrangement is 
adopted where a single low-pressure cylinder casting becomes too 
large. It is also convenient for the purpose of more effectually 
balancing the engine. 

Fig. 419 is given as illustrating a good example of a modern 
marine engine of the four-crank triple-expansion type. Each 
of the two low-pressure cylinders has half the piston area of 
the one large low-pressure cylinder which would otherwise be 

required. , ^r*AT-o--n> 

The engines are capable of developing about 660 i.li.P. 
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']'!»(' iliniciisiiins :in<l of.hi'r particulars are as follows ; — 


Diamt'tur uf ILT. cvliiult'r 
hV. ' „ 

„ RL.P. „ 
A.LJ>. „ 

Siroko. 

Bt)ilt*r |ir(^sHuri‘ 

UevolutioiiH per miniito 
Pinteli Hpeed 

V’acuiim 

IiKiicjited iiorHC"po\vt‘r 
nr. <‘vHii(ler 

LV. ' 

RL.P 

A.LP 


13 in. 
... 22 „ 

... m „ 

... 28| „ 

21 

.!! 170 IbH. 

!()(> 

... 581 ft. 

20 in. 


213 

212 

107 

128 

—• 000 


T}u‘ two forwaril cranks a.r{^ placed <lii‘(*(d.ly opposite^ (‘judi other, and 
th(‘ two after tn’utdvs in th<‘ sam(‘ relating ])(>sil.ion to (Nieli otlun“, Init, 
at I’ijLcht an‘^l(*s to thc^ two forward oiu'.s. T1 h‘ pistons w^oi’kin^^ in 
opposit<^ directions ar(‘ nia(l(‘ of e<pial wed^hts.* 

tai^ines nvv fitAt'd with only t.W(» .s(‘ts of slidi'-v'alves and valvi* 
‘'ear, and in (‘ach (!as(!! oiu^ va.lv<‘ r(‘^'ida,k‘s th(^ steain-distribiition to 
tw<» (•ylin<h‘r.s. 

Idate III, illustrates th{M‘n^in(‘s of t.he s.s. Inrhihma, whi(;h is con- 
st riu'ttvl with th(‘ sp<Haal ol)j(‘ct. of hit'll st»(‘a.ni (atononiy aaid fr(M‘dom 
from \ihration. d’h(‘H(‘ (‘n^ines ar(‘ Imilt with tiv<‘. cranks, and tlu*. 
boiler pn‘ssure Ls “Job IIks. pen* squan^ inch, the st(‘a.m bcin^' ^'tai(*rat(‘d 
in cylindrical boilei’s of the ordinary multit ubular type. 'Fins is 
pr’obably tht‘ th'st instance of so hit'll a |»n‘ssur(‘ Ixdn^j; ca.rri<sl in a 
lar^a* boiler of this typ<'. d’h(‘ boil(TS \v<M-(‘. t(‘st(‘d by idoyd’s Hur- 
v<‘yt>rs to hlO lbs. per .S(juan‘ imdi hydra, ulic pr(‘ssur(‘. 

ddie (‘ii'i'ines ar<‘ ({ua,dri}pl(‘ <^xj>aiision, with two lowq)r(‘ssur(‘ 
cylinders, making' tiv<* eylind(‘rs conmsd.tsl t,o liv(‘ cranks. 'Flu^ cranks 
are set at (spial an,i'I(‘s. dlH‘ en^im^ is d(*si«'n<*<l so as to hav(‘ li^ht, 
reeipnjeatin*^ parts, (Mjual w’(‘i^dit.s of nsdproea.iin/' ])a.rts on (‘’udi 
crank pin, to diviih* the total work betw(M‘n liv<^ crard<s, thus r(‘ducin^' 
initial .slress(‘s on th(‘. Ix^arin^s, and distributing tiu* total pf)W(‘r atr 
fiv<‘ ctpial ptiints I’ound th<‘ (uvudv circle. 

Idle boilers ari‘ titled with a battery of steainalryin^ tub(‘B through 
whicdi the steam pas.st‘s on its way to tlu* engint‘s, a,nd th(‘ cylinders 
are very tlmi-ou/j^hly sti'ainqackidod. The fe(*d»wa.t(‘r r(\siilt-in<.c from 
eondiUisat ion is taken up at a low tenqMU'at urt* <lue to the adoption of 
a, hi^h vacuum, and is pas.scd tirst throne'll ftsshheattu's lu‘at.(‘d by 
exhaust .steam, a.nd then through a furtlun* serums of f(‘eddu‘at (‘rs 
workin.i' a,i KUc(*eHsiv(*Iy hiiL'h(‘r ])ressur{‘s and t<‘m])ei’atiir(*s with 
st(‘am taken from sueeiassivt* sttaiimehe.sts, so that- l)efoi’(‘ the f(H‘d 
enter.s the boiler.s it is at a temp<‘nitur<‘ alxmt^ <100 ' F'ahr. 

The lioilers ar(‘ iitted witii ih(‘ inductal drauii'hi- system of Mt^ssrs. 


* Knsm n paper by Mr. John Thom, rciul before the Inni of hhigimu^rB and Sliip- 
builders, Scotland, 


366 


STEAM-ENGINE THEORY AND PRACTICE, 


John Brown & Co., of Sheffield, by means of which a rate of com- 
bustion can be maintained of 40 lbs. of coal per square foot of fire- 
grate. 

Trials of these engines resulted in a consumption of 1-07 lb. of 
North country coal per I.H.P. per hour. 

In the series of marine engine trials conducted by a committee of 
the Institution of Mechanical Engineers,^ the following results were 
obtained : — 



Boiler 

pressure. 

Revolutions, 

Stroke. 

Feed -water 
per I.H.P. 
per hour. 

Fuel per 
I.P.H. per 
hour. 

Compound engines — 

Fusi Yama 

56*8 

55*6 

in. 

33 

21*2 

2*66 

Colchester 

80-5 

86*6 

36 

21*7 

2-90 

Ville de Bouvres ... 

105*8 : 

36-82 

72 

20-8 

2-32 

Triple expansion — 

Meteor 

145-2 

71-8 

48 

15 

2*01 

Tartar 

143*6 

70*0 

42 

— 

1*77 

Iona 

1650 

61*1 

39 

13-3 

1*46 


Reduced consumption of fuel per unit of power has steadily 
followed the gradual increase of steam-pressures, as will be seen 
from the following table of marine-engine performance : — 


Year. 

Boiler-pressure 
by gauge. 

Type of 
engine. 

Consumption of 
coal per I.H.P. 
per hour. 

1830 

lbs. 

2 to 3 

Simple 

lbs. 

9*0 

1840 

8 


5*5 

1850 

14 


4*0 

1860 

30 


3*0 

1870 ... 

50 


2 6 

1880 

80 

Compound 

2*2 

1886 ; 

160 

Triple 

1 5 

1896 

255 

Quadruple 

1*07 


Particulars of some War-ship Engines and their Performance.-— 
Battleships: Indicated horse-power, 18,000 ; twin engines, cylinders, 
33 in., /)4J in., 63 in., 63 in. ; stroke, 48 in. ; revolutions, 120 ; piston 
speed, 960 ft. per min. ; working steam-pressure, 300 lbs. to 250 lbs. ; 
Belleville boilers, 24 ; heating surface, 43,260 sq. ft. ; grate area, 
1375 sq. ft. ; heating surface per I.H.P., 2*4 sq. ft. ; I.H.P. per square 
foot of grate area, 13T. The boilers are worked with natural draught. 

Cruisers: Indicated horse-power, 30,000; twin engines, cylinders, 
43^ in., 71 in., 81^ in., 81 J in. ; stroke, 48 in.,; revolutions, 120; 
piston speed, 960 ft. per min. ; working steam-pressure, 300 lbs. to 

1 Proe, Inst. Mech. Engrs., 1894, p. 33. 




THE AfARlNE EKCrlNE, 


367 


»s. ; llrllovillo lujilors, -13 ; surface, 7K970 S([. ft.; ^t’atc 

4 \ ‘J3»lu st|, ft. : IJl.P. per tuu of luachiiKuy, 12 ; licaiiujLC siirfaro 
\ Lit, 2**1 s<|. ft. ; l.il.P. p(*i‘ s({uar(‘ foot of ii^rato, 13*0. 
followin^j; arc pai’t irulars and data of trials of II.iM.S* AuiphE 


SP'uiii-preHHure in l)t>il('rri ... 

„ at ... 

Mfun pnHHUrcp, hi^^h 

„ irit('rrn(‘(liaio 

„ forward low 

,, aft l(»w 

UcvolutuuiH 

I.II.P. Htarhourd 
„ port online 

I.H.P. total 

(hill par I.H.lt per hour 
Coal hurut p(»r Htpmn* foot <»rn 
ItiCriito jM'r hour ... llw.li 
Cut per (‘oxit., hif^U 

„ tut(U*modiat(! 

,, low 


!.o\v j Mfilium Muxhmnu 


{towor. 

power. 

pDWia*. 

22 r> 

2.52 

, 270 

212 

240 

1 2.54 

27-:i 

HO'.o 

i 102*8 

irrr> 

20*8 

44*2 

r>-5 

13*1 

10*0 

r>*a 

I.3*3 

i<;*o 

72r> 

111*1 

121*8 

IKDO 

0808 

0171 

1852 

<>707 
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of Power to Dimensions of Ships. — 
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Hpotal in knots ; 
tlisplaecmcnt in tons ; 

- a. ooimtant.'. 
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V ' X 
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i‘or cruLscu's and l»atth\shij>s, (1 227) 

bo\(» are av(*rai(r‘ values of t.lu^ eou.stant (I 


CHAPTER XXV. 

THE LOCOMOTIVE. 

Fig. 420 illustrates the general arrangement and construction of an 
express passenger locomotive engine. 

It is necessary that the locomotive shall be self-contained, that 
is, it must consist of a boiler and an engine, and the whole machine 
must he placed upon one carriage. The problem for locomotive 
engineers is how to obtain the greatest possible power for the least 
possible weight. This is done by using small boilers of great 
strength, maximum heating surface, and maximum grate area, 
working at a high rate of evaporation, using steam of high pressures 
in small cylinders and running at high rotational speeds. ■ The 
question of economy of steam is compromised for the sake of power 
combined with greatest possible reduction of weight. The engine 
and boiler are each bolted to the frame of the carriage. The frame 
is self-contained, and through it the whole of the stresses due to 
the pressure on the pistons and the pull on the draw-bar due to the 
load are transmitted. 

It will be noticed that the axle of the trailing wheels is placed 
just behind the boiler, the axle of the driving-wheels just in front 
of the fire-box, leaving clearance for the cranks and connecting-rod 
heads. 

The , bogie carriage works on a pivot beneath the cylinders. The 
bogie wheels guide the engine and prepare the rails to receive the 
weight of the large driving-wheels ; the hind, or trailing wheels, 
steady the engine, while the driving-wheels transmit the power 
of the engine to the rail, and they are placed as nearly as possible 
under the centre of gravity of the whole. The example has the 
slide-valve chest between the cylinders, and is fitted with the 
Stephenson link motion. 

Plate lY. is a drawing ^ of a four-wheeled coupled express passenger 
engine for the Lancashire and Yorkshire Bail way, and designed by 
Mr. J. A. F. Aspinall. Figs. 421, 422 and 423 are various views of 
the same engine. The cylinders are 18 in. in diameter by 26 in. 
stroke, the diameter of the bogie-wheels being 3 ft. Of in., and the 
driving-w'heels 7 ft. 3 in. The dimensions of the various parts of 
the engine are given on the drawings. The weight loaded on the 
bogie is 13 tons 16 cwt. ; on the driving-wheels 16 tons 10 cwts. 

^ From the Mechanical Engineer, June 25, 1898. 
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and on the trailing wheels 14 tons 10 cwt. ; making a total weight, 
exclusive of tender, of 44 tons 16 cwt. 

The fire-box is of the ordinary type, the roof being carried by bridge- 
bars, supported by sling-stays from the crown of the fire-box casing. 
The sides are supported with copper-screwed stays having eleven 
threads to the inch and riveted over on the ends. The area of the 
fire-grate is 18| sq. ft. The barrel of the boiler is arranged in 
three plates telescopically, and measures 4 ft. 3 in. in diameter by 
11 ft. between the tube-plates, there being two hundred and twenty 
tubes with an external diameter of 1| in. 

The total heating surface of the tubes is 1108 sq. ft., and of the 
fire-box 107*6 sq. ft. There are two Ramsbottom duplex safety- 
valves fitted on the cover of the manhole mouthpiece, at the top of 
the fire-box casing. The valve gear is of the Joy’s type. The slide- 
valve chests are above the cylinders, and thus permit of a maximum 
diameter for the cylinders. 

Fig. 424 is an outline drawing of an exceptionally powerful type 
express passenger engine built for the Lancashire and Yorkshire 
Railway by Mr. J. A. F. Aspinall. 

The special feature is the boiler, which is much larger than usual. 
The heating surface is 2052 sq. ft. ; the grate area is 96*06 sq. ft. ; 
driving-wheels 7 ft. diameter, coupled. The cylinders are 19 m. 
‘diameter by 26 in. stroke; length of steam-ports, 1 ft. Sin. ; width 
of steam-ports. If in. ; lap of slide-valve, 1 in. ; maximum travel of 
slide-valve, 5 in. ; lead of slide-valve (constant), ~ in. The valve-gear 
is J oy’s. 

Fig. 425 is an outline drawing of a ISTorth-Eastern express passenger 
engine by Mr. W. Worsdell. The engine has inside cylinders 20 in. 
diameter and 26 in. stroke. 

Fig. 426 is an enlarged drawing of link-motion details for a 
locomotive. 

Joy’s Valve Gear. — This gear, as fitted to locomotives, is illustrated 
in Fig, 427, From point A in the connecting-rod, preferably about the 
middle motion is imparted to a vibrating link, B, constrained at its 
lower end to move in a vertical plane by the radius rod C. From a 
point D on this vibrating-link a lever, E, is attached to a centre or 
fulcrum, F. The lever E is extended beyond centre F to K, from which 
point the valve spindle is driven through the, link G. The fulcrum 
F partakes of the vertical movement due to the oscillation of the con- 
necting-rod in a vertical plane. To guide the centre or pin F in its 
vertical movement, it is carried by a block working in a slot, J, which 
is curved to a radius equal to the length of the link G. The slot itself 
is formed in a disc or block, which is pivoted on a centre which 
coincides with the centre F of the lever E at the moment when that 
lever is in the position due to the piston being at either end of the 
stroke. The disc or block containing the slot is capable of being 
partially rotated on its centre or pivot, so as to incline the slot over 
to either side of the vertical by means of the lever M, thereby 
causing the curved path traversed by the centre F of the lever E 
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v^i'v^ixig the slot an inclined position on one or 
vex^tyical line as required . 

'"VV'hen the slot is in an 
^‘Xia^otly central position, this 
posi-tion is mid-gear travel of 
the Valve, and the steam is 
‘Hlmitted at each end of the 
through a port-opening 
'‘'pu-ia,! to the amount of the 
. With this gear the lead is 
^'orxs-bant for forward and back- 
strokes, and for all de- 
greei^ of expansion. For when 
the engine-crank is set at the 
<‘ucl of the stroke, either way, 
the centre F of the valve 
^‘•wer* E coincides with the 
<‘<‘1x13 re of the slot, and there- 
to ro the slot may be rotated 
on. ibs pivot from forward to 
^^aolcward gear without affect- 
hi^ -febe position of the valve. 

428 is an enlarged view 
<»f tilie steam regulator- valve 
< >f blxe equilibrium type, as 
usocl for admitting steam to 
the ongine. 

429 is an enlarged de- 
tail drawing of a Ramsbottom 
safeby-valve as used on loco- 
motives. 

Train resistance consists of 

(1) IResistance due to friction 
"blxis is much modified by 

the offect of wind and curves ; 

(2) resistance due to gra- 
vityr. 

formula for train resist- 
tinc& due to friction^ based on 
tho results of experiments, is 
gi\-exx by Messrs. Pettigrew 
nil cl IRavenshear ^ as follows : — 

K = 9 -h 0-007 Y- 

where B = resistance in lbs. 

per ton, and 
Y = velocity in miles 
per hour. 

' « Manual of Locomotive Engineering,” p. 77 


other side of the 



Fig. 427. 
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liesisfunre due to Grainty. — The work done by a loeoinotive in elimb- 
iri^ an ineluH^ is found tliiis : Let the liiu^ dc (Mg. 430) make an 
ntjgl(‘. 0 with (he horizontal lin(‘ fe. Draw a \'ertieal line ah through 
t]i(‘ t‘<‘ii(r(‘ of gra.vity of tlu^ W{‘ight = W, and draw ac at right angl(‘s 
and ch parallt'l to de. TIkui ae is th(‘ reaetion of the pla,iu‘, a,nd eh is 
tht‘ traetive fore(‘ rtH|uir(‘d. Ihit triangk's def and hac ar(‘ similar; 


therefore - 


df 


he tractiv(3 force 
de ah load 

or, tractive force = resistance = load X sin 0 

llu* total rt‘sistane(' R/ to Ih‘ oviu'come i.s equal to the sum of the 
resistane(‘s due t*o friction and 
gravity n‘S|u‘eti\'ely : thus: ^ 

IV = (ii + ()-007 V‘“) 4- 3240 sin 0 

I . voi'i.ieal rise 

wh(‘re sin ■ 

auigth ot in<'hru‘ 

and li' = Ihs. jx a* ion of load. 

Tractive Force of Locomotives. 

. — powor of the pair <»f (‘iigines 
with eylindei's of ecpial diam(4(‘r 
and stroke, such as an‘ usihI in 
non » ciunpound loeoinot iv(‘s, is 
entimatcd as for any ordinary easi^ hut- thi^ traetivi^ forcu* which can lx* 
transmit t<‘d will diptaid upon t.ln‘ dianu‘t(‘r of tlu‘ driving-wheel and 
thf‘ fore«‘ of adhesion of th(‘ wluxd and rail. 



PLp) 


Work done in one cylinder during oiu^ revolution = 2 

when* d <liam(‘t(U‘ of cylimhu’ in inches; 

L .= length of Htrok(‘ in fe(‘t; 

p = elfeetive mean pnsssun.' of steam p(u* S(]uare inch. 

Work dont‘ in two cylinders during oiu^ r(‘volution = 

And tins work pm’ n/volution is (*{|ual to the tractive force T X circuiii- 
feremu* ttD of clriving-wdiet‘l ; 

therefore^ = ’’IVl) 

or,T = 


where tlie valiums of L and D are holli in tlu' sam(‘ t(‘rms. This 
is the formula for the trac.tivi’ fore(‘. (‘X(Tt(‘d by a.n migin(‘ ; thus, 
for ey Under of IH in. (liam(‘h‘r, 2() in. strok(‘, a,nd 7 ft. driving- 

whe(4s~ 

18 X 18 X 2(> 

Trmiiivo force = - =100-28 Ihs. 

|«‘r I Ih. mean (‘tfeetivi^ pn*ssun* of st-(‘am on th<‘ pistons. 

Tiie forc<‘ which can act through th(‘ wh(‘(‘l <l(^i>mi(ls upon tlu‘ 
adhesion of tiit‘ wlu’el to the rail, and this is proportional to the 
weiglit on the driving-wheel, other things being e(|ual. W is 
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the share of the weight of the engine carried by the driving-wheels, in a 
single driving-wheel engine, but by coupling the driving-wheels to two 
or more wheels on each side of the engine, the adhesion will be due to 
the sum of the weights on the coupled wheels. 

Performance of Locomotives. — The following particulars are from 
tests recently made of a London and South- Wes teim express 
engine : ^ — 


4 wheels coupled 
in. 

26 

167-5 lbs. 

18-14 sq. ft. 

62-54 lbs. 

231 „ 

13,903 B.T.U. 

9-232 lbs. 

11-35 
6P F. 

684-1 
490-6 
8-5 in. 

4- 93 „ 

585° F. 

488-9° F. 

68 ° 

10 lbs. per sq in. 

5- 38 

The average steam-consumption given in Mr. Drummond’s trials of 
non-compound locomotives are — 


Class of engine 

Diameter of driving-wheels 

„ cylinders 

Stroke 

Mean boiler-pressure 

Grate area 

Coal burnt per square foot of grate area per hour 

„ „ I.H.P. per hour 

Calorific value of 1 lb. of coal 
Water evaporated per pound of coal 
„ „ from and at 212° 

Feed temperature' 

Maximum I.H.P 

Mean I.H.P 

Maximum vacuum at base of chimney . . . 

Mean „ „ 

Maximum temperature of smoke-box gases 
Mean „ „ „ 

Mean „ air-box gases ... 

Back pressure at maximum I.H.P. 


24 lbs. per I. H P. per hour at 150 lbs. pressure 
18*3 lbs. per I.H.P. per hour at 200 lbs. pressure. 

Mr. S. Johnson^ gives particulars of a trial of a single driving- 
wheel locomotive on the Midland Railway, showing that the engine 
burns 2*9 to 3*1 lbs. of coal, and uses 29 lbs. of water per I.H.P. per 
hour when the horse-power is 400. 

Some extremely interesting experiments with a locomotive have 
been performed at the experimental laboratory of the Purdue 
University by Professor W.F.M. Goss and his staff. The locomotive 
used was built at the Schenectady Locomotive Works, and it has 
cylinders 17 in. diameter and 24 in. stroke. 

The power of this engine while running under a full throttle and 
with a boiler-pressure of 130 lbs. is shown by the following table :-™- 

Proceedings Inst G.W., vol. exxv. See also Messrs. Pettigrew and Ravenshear’e 
Manual ot Locomotive Engineering.” 

2 Presidential address, lust. Mech. Engrs., 1898. 
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Indicated TIokse-poweu at Dipeeuent Speeds and Dippekent Cut-opps. 
Boii.EU-PKESHimE, 180 ia$s. ; Throttle fully open. 


Spt‘<‘ii in 
milen. 

R(‘v«)lutionH 
ptT niinut(L 

IndicatiMl IIo 

6 in. 1 

r8e-p«>w(‘,r at tl 
cut-offH : — 

8 in. 

:i(' following 

lej in. 

If) 

81 

100 

270 


28 

185 

228 

8(;8 

455 

85 

188 

208 

481 

501 

45 

1 242 

802 

487 

— 

55 

290 

202 

488 

■ — 


‘‘The po\v(‘r of any locomotive^ is limit(‘(l at low spcenl by its 
adluwiori ; at. higlun- speM^Is by capacity of its hoibn-.” 

An important point to wliich Profe^ssor (loss calls at.tcntion is the'* 
relation b(‘twt‘(*n tlu'- sjxmmI of a locomotive*, and its e^llcct upon the* 
irman eticctivej pre^ssurti in the cylineleT. This is shown in the^ following 
tables : — 


Mean Kpeectivk Buehsuue at Different Speeds and Different (U’T-offs. 
Boiler-pkkshure, 180 LHH. ; Throttle filly open. 


M<‘an ofl'eetivc pn-MHim* at. tUa lullowing 


Sim'ihI In flt*vnlutl<ms 

inlleH. per nilmuti. 


1 


(> in. 

15 ; 

SI 1 

48-5 

25 I 

185 I 

80-5 

85 * 

188 ! 

! 20<; 

45 

242 ! 


55 

200 

IS-:! 


cut-on’s : 


8 In. 


1 e;i<) 

81*2 
; 42-4 

i 88-2 

1 27-4 


10 hi. 


(18 8 
48‘0 


The\s{* two tablets show “ t hat tlm powem e>f t.hc emgine* t(‘ste‘d 
increuiseLs with incre^ase* of spetRl up te> about 85 mile\s p(‘r hour (188 
rewolutiem.s pen* minute*). Abetve* this limit the powe*r remiains 
practically constant.” 

The reiasori of this is, e>f course*, that as i.he* spewed int‘i*e‘ase‘s the* 
mean pressure of the* steam in the^ cylinder at the^ sarne^ t.ime^ fails, anel 
the*, proeiuct e)f rneian pre^ssure* and pist.on spe*(Kl is about cemstant 
above* a euu'tain speH^l. 

With re*gard t.o the ste‘am-c*e)nsumption of le:>com(»t.iv(\s, Profe‘ssor 
Goss giv(*s the following table* 
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Steam-consumption per Indicated Horse-power per Hour at Diffeebn'J^ 
Speeds and Different Cut-offs. 


Speed in 
miles. 

! Revolutions 
! per minute. 

Steam-consumption in pounds per I.H.P. 
per liour. 

Cut-off in inches of stroke. 

6 in. 

8 in. 

10 in. 

15 

81 

28'93 

27-66 


25 

135 

28-06 

26-60 

28-6 

35 ! 

188 

26-93 

26-28 

30*1 

45 i 

242 

28*60 

28-45 

— 

55 ; 

296 

30-64 

32-00 

— 


The compound locomotive has made some progress in recent year^j 
especially on the Continent and in Amercia, but it has not, so fai*? 
been very generally adopted in this country. 

The most notable exceptions to this statement are the engine^ 
built by Mr. Webb for the London and North-Western Railway, and 
those by Mr. T. W. Worsdell for the Great Eastern and North 
Eastern Railways. 

Fig. 431 illustrates the Webb compound three-cylinder engine, 
consisting of two outside high-pressure cylinders 14 in. diameter and 
24 in. stroke, which drive outside cranks on the trailing wheels; 
and one large low-pres.sure inside cylinder 30 in. diameter and 24 in. 
stroke, placed between the frames and below the smoke-box, driving' 
on to the single crank-axle of the middle pair of wheels. 

More recently Mr. Webb has designed an engine with four 
cylinders (Fig. 432), two outside high-pressure cylinders 15 in. 
diameter, and two inside low-pressure cylinders 16J- in. diameter. 
All the cylinders are 24 in. stroke. These are all situated in a line 
below the smoke-box, and all drive on to one axle. There are two 
coupled pairs of wheels 7 ft. 1 in. diameter. 

Various experiments have been carried out, proving generally the 
superior economy of the compound engine, varying in amount of from 
9 to 17 per cent, or more. But less convenience and promptness in 
handling, are stated as reasons for the general preference for the 
simple type. 






CHAPTER XXVI. 

TJIE SJ'EAM TURrylNE. 


TriK int.rochiciion of ih(‘ dyiiatno wa,K tlie ]) 0 .gumin(j^ of a cleinaiul for 
high sp<‘(Rl of rota,tiou of prijiu‘. movers. Originally the dynamo ran 
much fa.st<‘.r tihau th(‘. engim^ which drove it, and a belt coinuH'tion 
l)et.w<M‘n l.h(^ (mgin<^ ?ind dynamo was always resorte.d to. The problem 
at that tinu^ for dynamo designers was how to d<*sign a dynamo 
which could run dinud.-couphRl to th<i slow-revohition <mgine, and 
i.h(i solution r<‘sult(Rl in d(‘, signs having <‘.\tremely larger diamebu’S. 
At the sa.m(‘ tinu% by the. (dlbrts of Wiliams, llelUss, and many oth(‘rs, 
1h<i high-sp(‘.e,d or ({uick-revolid-ion <‘.ngine was introdina^d, wdiich ran 
at such a spe(id that dynamos of mod(u*ate dinumsions <*ouId bo direct- 
coupled to th(i (mgin<^ driving t.hem. 

iM(‘.anwhile, many tmgine(n*s and invent(>rs wen^ working on the 
idea of a st(‘atn lurbin(‘. which should be capabhi of doing work on a 
pra(!tical liy tin*. kiiu‘.tic (‘iiergy of steam issuing from a jid. at 

high V(docit.y. \\'ith the success of t.h(‘S(^ eObrts tlu^ probhun was 
entirely rev(‘rsed, and it. now bc'came the (juest.ion how to design a 
dynamo which should he ellicient at the extrenndy high rate of 

rotation of tln^ t urbine s])indle, an ev(ir)L mori) dillicult problem than 

tlie first orn^ for cont inuous-current, work. 

All these designs of low and high rates of rot-ation havt^ t.heir 
julvantages and tlunr limitations, but. th(*re is proba.bly a field for 
all of them, each in its way being more suitabh^ than tin*, oth(u*s under 
certain conditions. 

At the lower pow(‘rs tlu^ recipro(%ating engine will, no doubt, hold 
its own, but for tlu^ higluxst powers th(^ sb'am turbine, for certain 
classes of work, appears to be grailually superseding the*, recijirocating 
(iiigine. 

Among th(^ most suc.c(‘,.ssful practical designs of st(Rim turbines 
now in use in tin's country may be mentioned the Parsons, the 

I)(* Laval, the West inghouscj-ikirsons, and the Curtis. 

Action of a Jet upon the Vanes of a Turbine. — Considering first 
tlui sim|)h* case of a j(*f of w^ater impinging on a series of flat van(‘S, 
as in a water-wheel, tin* jet striking the vanes at right angl(‘s to tludr 
su rface. 

lTt*re t.he fumdion of tlui vane is to change the (liretd.ion of flow 


386 STEAM-ENGINE THEORY AND PRACTICE. 


of the jet, the pressure on the vane being due to the change of 

momentum of the fluid mass. In 
Fig. 433 the fluid, after impact, flows 
away in a direction at right angles 
to the surface, and the pressure or 
impulse of the jet upon the vane 
is equal to the change of momentum 
per second — 


u. 


w 

= — , 


u) lbs. 


(i-) 


Fig. 433. 


where v is the velocity of the jet, w is 
the velocity of the wheel, and W is the 
weight of water impinging per second. 
W 

The work done per second = — (v — u)ic ft. -lbs. (ii.) 


and the total kinetic energy of the jet = 




2 ^ .... (iii.) 
therefore the efficiency of the arrangmnent = E = (ii.) (iii.) 


= 2„(!LrJi) 


(iv.) 


Differentiating we have- 


dll, 


4u 


Equating to 0 to find the condition of maximum 


2 

V 


4u 


= Oj or u 


V 

•2 


efficiency, we have — 


that is, the efficiency becomes a maximum when the peripheral 
velocity of the wheel is one-half the velocity of the jet. 



0 -2 *4 -6 '8 1*0 

Fig. 434. 


Example. — Let a jet with an 
initial velocity of 200 ft. per 
second impinge on the vanes of 
a wheel, and let the weight of 
fluid discharged from the jet be 
10 lbs. per second. 

Then the kinetic energy of the 

~ 2y 2 X 32*2 ' 

= 6211 foot-lbs. 

Taking various values for w, 

V V V 

^ namely, 9 ? 0 *^’ etc., calcu- 

V lating efficiencies and plotting, 
we obtain the curve as in Fig. 


.434, showing that the maximum efficiency is obtained when u = 

2 
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Tims, wlum n 
work doiu^ on tho vanes 


arid eilieicncy 


W 

u 

10 

u 

2i)Si footdbs. 
2<JS I 


(r ~ fi)ii 

(l> 00 -- S0)S0 fooi-lbs. 


i\'2 I I 


= 0-bS 


I be maxirjiurn (‘ftici(‘ncy is bO pe.r cent-., which is the best that 
b(^ obtained with this shape of vane. 


can 


The motion of a, iluid (lowing in contact with a moving vane may be 
resolved into- - 


1. A motion e([iial to that of tln^ vane, and in tin* sam(‘ direction. 

2, A motion n^lativc^ to tlie surfa<!(‘ of th(‘ van(‘. 

'I'h(‘ motion ()f tlu^ fluid nbiitive to the siirfac<‘. of the vam*, may 1 k‘ 
alt(^red in dir<M-tion b\it not in magnit-ude. in the cas(i, howcnan*, of 
st(‘am or (‘xpanding gas(‘H, motion r<dativ<^ to the surfaces of tlui vane 
!nay b<^ alt<ir(‘(l both in diiMudion and magnitude. 

The motion r(da(iv(^ to the 
va,n(^ is parailc^l to th(‘. surfaces, 
and, nc^gl<‘.cting friction, is (Con- 
stant for fluids. 

Tin*. pnesHurte b(‘tw(Mm fluid and 

surface is noi’inal to tln^ surface. 

Wh<m a j(‘,t flows on f.o a 
surface, and is thereby defhected 

through a given angln f), bho impulse, K mrting in the original direction 
of tluj stiHiam is given by the formula— 



F r- 


y 0 ~ 0) 



This expression represents th(i change of momentum of tlie mass. 
Thus, when the J(^t is d<*.fleet(Hl througli an angh* of 00 ; 
then^ — ’ 


Wa 

W-e 

il 

We 


~ cos <9) 
- 0 ) 


il 


(Vi.) 


Th(^ stream has now no vcdocity in the original dir(‘etion. W'heii 
tlu^. of (hdlection is grt^ater than 00 as in ]«’i‘^ k 

then--- ^ 
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'Wv 

F = - cos (180° - 0)} 

Wv 

= g O- -(-COS 0)} 

"Wi; 

= ^^(l+cos^). . . » . . (vii.) 

Showing that a bending back of the stream through an angle gi’eater 

than 90° gives an impulse 
greater than that obtained 
when the angle is less than 
90°. 

When the stream leaves 
the surface of the blade in 
a direction exactly opposite 
to that which it had on 
entering, then — 



and 


cos 0 = cos 180° = 1 


Wv 

F = + 1) = 


2Wv 

”7" 


(viii.) 



That is, the impulse is double that in 
case (vi.). 

In practice that condition cannot be en- 
tirely fulfilled, because of the necessity for 
getting the fluid into and out of passages 
freely, and the angle of the surface of the 
blades both for inlet and outlet edges is 
therefore opened out not less than 20° (see 
Fig. 434c). 

In this case — 

W?^ 

F = ---“(cos 0 + cos <^) . (ix.) 


Taking now a vane cup-shaped, as in the Felton wheel, wo have 

the water leaving the vane in 
a direction exactly opposite to 
that of the original jet j the 
UL velocity of the jet relatively to 
the wheel is (v — u) when enter- 
ing the wheel, and — (v u) 
when leaving it. The absolute 
Fig. 435. velocity of the jet when leaving 

the wheel = u — (v = 2u — v. Then the pressui*e or impulse on 
the vanes of such a wheel is ecj^ual to the change of momentum per 
second. 
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W 


~ 2 (y — a) Ihs. 
if 

. (-x.) 

=r — t{)n fo()t-l])S. 

■ (xi.) 

- 0,/ 

__ l(y — n)it 

. (xii.) 


If n. - j 
th.u 1 


ilijit- is, if t'h(^ pc‘.ripiH‘.r{il velo<*ity of the wh(‘cl is half Uio v(*locity of 
th<‘ jot, tht^u, with th(‘. s<‘micircular cup-shapiul vaiu‘, the effii‘iou(*y 
is unity, or 1 00 p(‘r c(uit. 

(l<*inpai’in|jj eejuations (i.), (ii.), and (iv.) with oquations (x.) (xi,), and 
(xii.), wt‘, st‘(^ that t pr<\Hsur(^ on tlui vwine, th<^ work done, and th(5 
tdliciiuicy of th(i s(‘inieircular vane ar(‘. in each ease double that with 
the Hat- vane. 

PresBure Head and Kinetic Head. It has hetui already sliown 
(p. I t) that when gas or steam at a px’essun? jq acts ui)on a piston 
against a back pressure /a., the work done during adniissiou and 
(expansion - 

Whtm st(‘am at a pressure p, meets with no n'siHtaiUHi Of its How, 
i>iit is aII(nv<Hl to How fretdy from pressures pj to pressun* p.,, t-h<5 
(uu*rgy is alisorlx^l in giving motion to tin? steam, the pressuni 
hi‘ad is conv<irted into kimdic head,” and tlui velocity of the How 
is ai:eel<‘rat(^<l, 

Tlu^st^ two forms of <‘n(‘,rgy ari^. int.endiangeable in otlier words, thii 
loss of pn^sHuri‘ head is («i[ual to the gain of kinetic head. Thus— 

kinetic h<‘-ad = pn^ssure luuid 



I n the njciprocating imgine woi*k is done by mcians of “ pressunj 
lu^ad ; ” in th(‘. steam turbiiui work is done by miians of kim^tic head.” 
(liven equal (iiliciency of machines, t}u‘. work which may 1 h‘. douc^ 
tlH^or(‘,tically l)y the two modes of application of th<i steam is equal. 
In praet ka^, tlnu'c are. sourcats of loss of (Hlicicmcy in both nauprocating 
migiiKis and turbin(%H, but th<‘re are. riiasons foi* concluding that, at 
least for higher powers, the turhim‘. is i.ht‘ mori*. ellicicmt maehint^. 
Velocity of the Steam.— To d<jtermine the diu‘mnsi«>ns of the 
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turbine to deal with a given weight of steam, it is necessary to know 
the velocity acquired by the steam due to the liberated energy for a 
given fall of pressure ; also to know the change in specific volume due 
to the same change of pressure. 

The velocity (V) of the steam for a given fall of pressure pi to 
may be obtained from the following equation, which is deduced from 
the equation above : — 



Example 1. — ^Find the velocity acquired by steam at an initial 
pressure of 150 lbs. per square inch absolute, falling freely to a 
pressure of 15 lbs. abs. 



1^-' 


n - 1 j 

1 ™ 1 

1 

1 

_ /2 X 32-2 : 

V 1*135 

X 150 X 144 X 3-01 ij 
— 1 1 


i 15 V1135-1 1 

ll5oj i 


= X 144 X 3-011 X 0-2414 

V 0T35 

= 2916 ft. per second 


Example 2. — ^Find the velocity acquired by steam at an initial 

pressure of 150 lbs. per square inch absolute, falling freely to a 
pressure of 1 lb. abs. 




\pj j 

i 

' /2 X 32-2 X 1-135 ,,, 

= \ / 1 l o-g 5 — X 150 X 144 X 3.-011 

A/ 1*135 — 1 1 


(.y 

1-135 - 1 \ 
1 1-135 1 


= X 150 X 144 X 3-011 X 0-4519 

V 0-135 

= 3989 ft. per second 


A more accurate method of determining the steam velocity Y is 
to equate the kinetic energy to the change of internal heat energy in 
the steam. Thus, in falling from pressure pi to p., without resistance, 
the work done in generating velocity in the steam is equal to the 
difierence of heat energy in the steam before and after the expansion 
(see pp. 55, 56) — 


or 


Y2 


= J(7q 


7^2 “f" 


Assuming the steam dry to begin with, and its initial velocity at 
Pi equal to zero, then — 

its velocity at ^2 = V = V 2^J (/q -• 
where X 2 is the dryness fraction of the steam after expansion (p. 44) — 


»\v 

m 
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‘III 




a 


il 

li 


i 


k \ 

.IS 1 

! % I 

It* 

*11 


It 


I 


V '^■ T, T,il., 


1'ixAMi‘LK. L(^i dry sa-t.urat.(i<l sU^am at. an initial pn'ssurc of 
lot) Ihs. alss. oxpand adiahafcieally to 15 }})«. abs. ; then thcj heat 
eonvt‘rt(‘d into the work of gemn-atin*; kinetic energy is obtained as 
hslloWB : - 

First find wliudi = 

(l.Vo,n the tal.h-s) ,r, =: * 


The vahu‘. of ;r.. may Ix^ obtaiiuHl by dirc^et nnuisurement fi-oni the 
teinjx'rat.ureamtrojsy eliart (Plate I.), as oxplaimxl on j)p. I 1, 45. 

Then for sksani at 150, h^ + Li = 1 101 *2 

„ ,, 1 5, //,. + .r.L.. = 181 -8 + 0-874 X 0()5*I 

1025‘5 

I'ln^n h(^at converted into work 1101**2 — 1025*5 

l(;5-0 B.T.U. 

And V(‘I<scity V geru'rated in the si (‘.am at pressun' p.., assuming 
all tli(‘ (‘iicrgy is used in ace(d(n‘ating the sti^am, also that the initial 
vidocity o, is obtaiiu‘d as follows : 

V ^ v^*2pJ X l<i5-0 

^ y tn- l' X 778 X 11)5*0 

r.r 2882 ft. p(ir s(^con(l 

Sinc(‘ v^2r/J r:: 225*8, th<‘ (‘xpn^ssion for velocity may be written— 
V 225-8 v^P.T.lJ. 


or if th(‘ steam vidocify be divid(Ml into a number of stages //, then th(? 
velocity of Uie steam at. (^ac-h stage •. 


/ii.T.lx; 

v... 22 aV- • 


Fig. 15(j shows a eurvt^ of himt. units lihiu-ated for a given fall of 
pressure*, from pj .= lo atinosplnenw dosvnwards. The ordiuak^s are 
lieat units, and tlu‘. ahsclssie presHun^s per si^uart*, inch in atmospluuH^s. 

In Fig. b‘17, tln^ (starting from 10 aud ]>assing tlirough 

K. and L) is a curve of vudoeiticss, upon a p!-(^ssur<‘ bas(% showing 
liow for a given fixcMl pressure p,, heuai ta.k<‘,u at 10 atinosplun-es p(u 
stpiare incli absoluUi, th(^ vtdoeity of a freely flowing (uirrtmt. of st.ea.m 
iucreas(iH as tiie prt^ssurt^ p., is nshuMuI. 

„ Th(^ way in which tlu^ kiiuTie emu-gy of the steam is applied dillers 
with dillerent designs <»f turhin(‘s : thus, (1) the st<;am may be. allowisl 
to fall at on(H5 through the whoh^ rang(‘ of pressure in thi* nozy.h*, afUu* 
whi(ii th(‘, steam at its maximum velocity is dircet(‘d upon tlie vam-s 
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of a single turbine wheel, as in the case of the De Laval turbine ; or 
(2) the steam may act by a series of successive small reductions of 
pressure upon a number of successive alternating fixed guide-blades 
and turbine wheels upon a single axis, each separate wheel dealing 
with a limited portion of the pressure range, as in the case of the 
Parson’s turbine; or (3) any combination of these methods, as, for 
example, the Bateau and the Curtis turbines. 



In the De Laval turbine, in consequence of the whole of the 
liberated heat energy of the steam being converted into velocity in 
the nozzle, the steam enters the wheel at from 3000 ft. to 4000 ft. per 
second, depending on the exhaust pressure. Since the theoretical 
speed of the wheel should be one-half that of the steam, we should 
have a peripheral wheel speed of 1500 to 2000 ft. per second. But 
this speed, which is equal to about one-third of a mile per second, is 
far in excess of what is practically safe, both because of the stress in 
the material due to centrifugal force, which increases as the square of 
the velocity, as well as from the difficulty of balancing the rotating 
mass ; and in practice the peripheral speeds adopted are much lower, 
though at the expense, of course, of thermal efficiency. 

In Fig. 437 is shown diagrammatically the means adopted in a 
multiple wheel turbine for obtaining a high thermal efficiency while 
keeping down peripheral speeds. 

The upper continuous curve, as stated above, gives the velocity 
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()}>tairu‘.(I in a single nozzle for a fall of pressure through th(‘ whole 
range, whieh, if used in a single wheel, requires for maximum thermal 
ellieiency a ptiripheral spe(Kl of wheel given by line AI^. 

Tiu‘ serrated horizontal lirui drawn about Cl.) shows how the eiuu'gy 
of the st(jam may be utilizcnl whih^ keeping down peripheral speeds. 

Considering (^ach single set of lixed and moving blades as a separate 
and indepiuident turbine, the velocity of the steam dt^pends on the 


FT. PER 
SEC. 



difi erence of j)r<i.ssur<} on tlie two sid(\s of the rings of l>Iades, and this 
j)r<^.ssur(^ ditienmtai can b(^ made very small, depending as it do(^s upon 
the numb(‘r of rings of blades (irnployed. 

In Fig. {.‘57, th(j case i.s taken of steam moving with a mean 
peripheral velocity of TbO ft. per second. 

Tlu^ increase of vidocity (as at CH - (^H ~ P(jr)'in passing from 
ring to ring of bladtis is due to fall of piH‘ssure (OP — OQ) on tlie two 
sides of the blades. 

The fall of velocity (as at Hd = Qll — CjJ) repre.sents the difrerence 
botwetm the absolutcj velocity of th(^ sb^am on entering and on Icjaving 
the bhwh^s of the rot atory wheel. 

Each of th(i shuiting lira's, such as (HI, drawn about tlie m(‘an- 
volocity lin<5 CD is parallel to the corresponding portion of the upper 
velocity (mrve for tlui sauKi range of pressun^s ; thus C I £ is. parallel to 
K L, each of these lines r(q)r(;sontmg the rati' of incre.as(‘, of vedoeity 
duo to a fall of pressure from OP to OQ. The vertical lines through 
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P, Q, and S are drawn by dividing the velocity scale into a number 
of equal distances, as NM and TV, projecting to the curve and 
dropping perpendiculars. 

It will be seen from the diagram that a given increment of velocity 
(and therefore of energy) requires a fall through a larger range of 
pressure at the high-pressure end of the scale than at, the low-pressure 
end; thus NM and TV are equal ranges of velocity, but PQ is 
greater than ES. 



Area of the^ S-team Passag'es. — In the case of an. ordinary steam 
nozzle, as also in the case of the steam turbine itself, the same w(jight 
of steam is passing per second through the successive sectional arcias 
of the current, though the pressure, the velocity, the specific volume, 
and the sectional area respectively will each vary from point to point 
of its path through the turbine from the stop-valve to the exhaust. 

The sectional area of the passages at the various points of its course 
per pound of steam employed is given by the equation — 

. A,jV,j c= 

for any given pressure where A =■• the sectional area of the steam 
passage in square feet per pound of steam employed ; V = the velocity 
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of the steam in feet per second ; and X) - the specific volume or volume 
per pound in cubic feet at the given pressure p, or — 

specific volume 
area = ^ ; — _ 
velocity 

Fig. 438 is a curve showing how the sectional area of the current 
varies for steam starting at a pressure/ =: 150 lbs. abs., and ex- 
panding without resistance to pressure pa pressure in the con- 
denser). ^ 



The horizontal base is a scale of pressures, and the vertical scale is a 
scale of areas in square feet. At each successive point on the pressure 
line ordinates A are set up, by calculation from the formula — 

A = u -4- V 

where x is measured for the successive pressures from Fig. 439, and 
V from the upper curve of Fig. 437. 

From Fig. 438, and using the same range of pressure, we may obtain 
a longitudinal section or profile of a suitable nozzle to deal with the 
weight of steam required ; thus (area per pound of steam) X (weight 
of steam) = area required ; and diameter at any section of nozzle 
= aJ area 0*78. 
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-^ig. 440 shows the longitudinal section of nozzle constructed by 
making the ordinates = D calculated as above, and by setting oti* the 
abscissae to a scale of pressures, the scale chosen being pi-eferably sonic 
function of the pressure, such as log p. The nozzle must not be made 
too short, otherwise eddying and confusion of currents is set up, which 
reduces the efficiency. 

It will be seen that the nozzle at first rapidly converges till it 
reaches a narrowest section or throat (B). 



PRESSURE IN ATMOSPHERES. 

ITG. MO. 

In the case of steam (unlike that of a liquid, where tlio voluiuo 
is constant), the sectional area of a suitable nozzle must provide, not 
only for the increasing velocity due to fall of pressure, but. for the 
increasing specific volume due to the same cause. It will, of course, 
be noticed that these two variables are opposite in tendency in their 
influence upon the sectional area of the passage, the increased velocity 
requiring reduced sectional area, and the increased specific volu!iQC 
requiring increased sectional area. 

The nozzle is convergent at first, because as the pressure falls the 
velocity increases faster than the specific volume, a^d tlius tht^ valuer of 
A = vjN decreases. This continues till the pressure reaches a limiting 
value, where A is a minimum. Beyond this point the nozzle is 
divergent, because the rate of increase of v is greater than tlu*, rate 
of increase of Y ; hence the value of A = z^/Y increases, the rate in» 
creasing slowly at first, but afterwards rapidly at the lower pressurt^s. 

Maximum Rate of Flow through an Orifice. — Considering the 
case of the flow of steam through a simple orifice, then, for a given 
constant value of of the initial steam, as the back pr(\ssure is 
reduced the velocity of flow through the orifice increases, and this con- 
tinues to be the law so long as pa does not fall below a certain critical 
pressure. 
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This pressure is reached when p., = p, x 0*58. Thus, if the initial 
pressure p, = 150 lbs. abs., and steam flows from a vessel at this 
pressure throii<^h an orifice against} an exhaust pressure jhi tlie rate of 
flow will inciH^ase as ihe l)ack pressure p. is reduced, till the pressure 
at ihe orifice =r [50 x 0*58 = sT lbs. At this pi'<‘.ssure W(‘, have now 
i*e;n‘hed ihe maxiinuin rai.e of flow. Any further reduction of back 
pr(?ssure j>,, will ha.ve no (‘.fleet in increasing the rate of flowthrough 
t he ontic(‘.. 

dliis law is eni})odied in Napier’s formula, namely - 


W r: 


apt 

70 


where W = maxi muni flow of steam in pounds per second througli an 
orituu^ of ar(‘.a a s([. ins., provicl(‘d that th(^ back pressure 2\ not higlier 
than 0*58 p,. 

This det (‘rmines the waximum nrhjlii of steam which can flow through 
a giv(‘.n orifit‘(‘ for a. givmn value of p,. 

Th(^ kimd.ic (uiergy of th(i stcsa-m at tlie orifice is that duo to th(^ 
lu'ai lib(‘rat(Hl by iln^ fall of pr(‘.ssur(‘ from />, t.o p, x 0*58 only. j>y 
furiluu’ e.xpanding the st(iam beyond the orifices, in a suitably shapiul 
nozzle?, to ihe. pr(?ssure p., in the c.ond(‘.nser, the rema-ining availalile 
kinetic mmrgy of th(‘ shiam may be utilized. 

Per a sim[>l(*, conv(?rg(mi nozzh? ilic? (i(|uaiion on p. 589 can be used 
to d{‘,termine the maximum rate? of flow through an orifice, and to 
deduce .Napi(?r’H formula,: 

V*' a ( 

•n, ' 


V ; 




. . . . (1) 
steam passing per 


Ti(?t A = area of orifice ; tlien tin? voluim? 
s(‘cond = AV. 

L(^t a. = volume of one pound of steam at the final pr(?sBuro p., ; th(‘.n 
th(? weight of st(‘am W pa-ssing tlu? orifice per second is — 

AV 


But 


W: 

W : 


V.j. 

: pot;./' 

p- 

■«, Vp, 


Substituting the A%alu<? of V from (?([uation (1) 

w = 2,/ ■" ;„,J i '] 

'V M - I ' ] \j,, / f 


sfl Hh 1 


( 2 ) 


398 STEAM-ENGINE THEORY AND PRACTICE. 



To find the ratio of to so as to give a maximum W, let-^“ = r. 


, \ 2 / \n + 1 


Then, for different values of r, W is a maximum when j n 

is a maximum, because all the rest are constants. 

2 « + 1 

To find when (r) w — (r)“u~ is a maximum differentiate and equate 
to zero. 

Then - (r) I"' - ”■ ± - Irf = 0 


Dividing by (r)w, 


2, /'w + 1\ 


For dry saturated steam n may be taken = 1'135, 

r = = 0575 or •£? = 0-575 

V 2*135/ 7h 


From this result it is seen that the maximum flow of steam takes 
place when pa is 0*575pi. Reducing the final pressure po of the steam 
below this pressure does not increase the flow. 

If the value of po which makes the discharge a maximum be substi- 
tuted in equation (1), a formula is obtained giving the velocity of the 
steam at the throat of the nozzle — 



V = 



(w + 1 ~2j 

I « + i f 



If dry steam is expanded adiabatically the index n is 1*135 and is 
very little less when the steam is not dry. Put n = 1*135 and let 

Pi 

Pi = pressure in lbs. per sq, in. = j j j . 


2 X 32*2 X M35 


X 144 Pi^i 


= 70*2VPi«;i 


Since Pi% is nearly constant for the pressures usually employed, the 
velocity at the throat of the nozzle will be nearly constant for all 
initial pressures. Its average value is about 1475 ft. per second. If 
the initial pressure is constant, the pressure and volume at the throat 
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will he constant, as w(‘ll as the velocity, and hence the area at the 
tlii'oat (l(‘terii[iines the Minount of stciam discharged. 

iis(‘ of a (livan’gent nozzle is necessary when the final pi'cs^iire of 
the st(‘ani is less than if th(^ kiind.ic energy of the jet is to bo 

utili7.(‘(l. if th(‘re is no divergtnit jxirtion lM*y(md the throat, the steam 
spr(*ads out on (mtering the. loW”]>r(‘ssure medium, and the energy 
<{ev(*loped by the (‘X])ansion is wa.st(‘.d in producing vibrations of the 
HKHlium and in (‘dditvs. 

The di\(n*g(mt portion of the nozzle directs the steam in a dehnite 
dins'tion, and by allowing foi* its expansion the velocity is greater at 
th(‘. (‘nd of th(^ nozzle tlia.n at tlu^ throat. 

maxinuun disc-harge of shaun from a nozzki may he determined 
as follows : ~ 

Suhst itute. in (S|uation f'J i thci value of Y for maximum discharge, 
W = I’l”. \S 


taking ii = 


I* Mb a-iul^^'' = b'bS 
Pi 

W i:b2 



This can be reduced to Napie.r’s formula, by assuming P,?;i = a constant 
= 411 and substituting A r- ; 


W 


.i:i-2 X n / 

I hi V 441 


W r- 


70 


N02:zl6 Design.— Th(^ important points in the design of nozzles are 
th(^ area at the throat or smallest part, and the area at tlu‘. end of the 
nozzle if divtn’gtmt. 

initial pressuni and wcught of Ht(‘am n*.(|uired to pass the nozzle 
may be tak(m as being kiiown. If the tinal pressure is O’bTbj^i or less, 
then Napier’s fonmda may be*. ns<‘(L 

W = 

70 


where W is the weight of dry steam diseharged in pounds per second ; 
p, is the. initial prc:*.ssurt^ in pounds }u‘r squai*e inch, and a is tht‘. area 
of tin^ throat in squiirii ine.h<\s. lAir st(*am of a dryiuiss x the following 
formula is very n(;ai'ly corret't 


W 


70\'^x 


^70W./a: 

ib 


Examplk. hind ilu^ an^a rrxpiinul for a, nozzl(‘ to discharge 800 
]])s. of steam per hour having a dryn(‘ss of 0*06 ; initiaJ pressun* 
being 100 lbs, aixsolute, and linal pressure 14*7 lbs. 
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The final pressure being less than 0*575 x 100, Napier’s formula 
may be used — 

. 70 V 0^96 X 800 .,-0 

*=T 00 -xT 0 ir 60 ='”“ 


The area of the throat having been obtained, the area at only one 
point in the diverging pa-rt is necessary as this part of the nozzle is 
made straight. 

Let a = area of the throat ; 

tt, = specific volume of steam per pound at the throat ; 
v = velocity of steam at the throat ; 

X = dryness of steam at the throat. 

Let «!, Ml, «?i, a?! be the corresponding quantities at a point in the 
diverging part. The weight of steam passing the throat is — 

av 


ux 


The weight of steam passing the point selected is — 


ai^?i 

'lh^X\ 

. av _ a^Vx (h _ ‘^ihXx 

ux UxXi a Vx^lx 


The distance of the point from the throat may be varied by varying 
the angle of the diverging cone. 

The usual cone angles employed in the nozzles of De Laval turbines 
vary from 10° to 20°. 

Example. — Find the size of a suitable nozzle to expand 800 lbs. 
of steam per hour having a dryness of 0*96 from 100 lbs. absolute 
to 15 lbs. absolute. Neglect losses. 

The area for 800 lbs. at the throat by Napier’s formula = 0*152 sq. in. 
Let Ux, Vi and Xi be the volume, velocity and dryness respectively of 
the steam at the end of the nozzle. Then Xy may be found from the 
entropy chart, Ui may be calculated from the tables, and Vy calculated 
as explained on p. 391. 

iTi = 0*863 j Ml = 26*27 ft. 

From the entropy chart the heat drop = 135 B.Th.U. 

= 224VT^= 2600. 

The pressure at the throat = 100 X 0*575 = 57*5 lbs. and from 
the entropy chart the dryness a;, after expanding from 100 lbs. to 
57*5 lbs. = 0*927; heat drop = 42 B.Th.U. 

u = 7*46 V = 224: V 41*9 = 1450 ft. per second, 

_ 0*152 X 1450 X 26*27 x 0*863 
2600 x 7*46 x 0*927 
= 0*278 sq. in, 
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tliaiiH^c^r at ihn»at d -z 
(liaitioitT at rutl of r- //, 

A.ssuHiiii^i' a rono ant^h* of 12 ' 
whoro / - of cono, / .rr 

2 X n-lDo 


(>*152 
\‘' (»-7S5j 
/ 0-278 
V 0-785 t 

f/, — ' f/ 
2 / 

' 0*71 ia. 


=r Xi 4 

- 0-50 

- tail (V* 


Diagram of Velocities for 
fKi^^ 4 4 I > rt^pnwoai f-la* cutn^Ml 
rita of tha turiMaa 
aiui roraivia^ aatl oxhaant 
tn^ tho sioaia at 
au^^Ias with th<* plniH* of 
till* whf« 4 . (*A ha 

iho diroftioii and ai),soluto 
vrlority V., of tho tniioi*' 
ini^ Htoaia, inakni|< an 
-4 with tlu* piano t>f 


a Single-wheel Turbine.— T-ff^fc Dll 

form of tho hlatloH }a‘ojofi ini*; frnm tho 


tho wliooh and 


tljo 

iho 


paripht*ral volooity of 
whool. 

From A draw AD 
paralhfl to tho piano of 
rotation of tht^ wlund, and 
i*«|tial to tfm volta-ity of 
th«^ whoid blado \’j, thon 
(’D» niakin|4 an an^h* ^ 
witli tho piano of tho 
whoolj r<*proHontH tho di^- 
roction and volooity V,, to 
tlio roiatiim whool-hlado. 



G 

Fio. til. 

Hoiih? (tf tho ontoring ntoain rolativoly to 


Noth, da may h<» oonHidonnl an tho path <»f a shot from a rillo, ami 
DA tho path of a ino\in^ tar^^ot, tlnui tlu^ Hh<»t hrod from (I with 
vobanty and diroot ion ih\,sit a targot with voUajity and dirooiion DA, 
will hav(» a pn^oisoly nimilar (4!oot to that of a shot tirod fn»m (* with 
volority and dir(*otion DD whorj tin* targot is ntill. I'lius tho dirooti«m 
am! ahHohd<^ volooity of tlio shot — ('A, hut tho cHrootion ami volcanty 
rolativoly to tho movini^ tar^’ot DD. 

Lot HF roprosont tho volooity and dirootion ftf tin* ntoam loavin^ tho 
l>lfwh%and niakini( in this instaius* an juiijlo of <^xit H with tho plamt <4* 
tho who<d o!|ua! to tlm an^h* of ontramro /L If tin* pnsHaj2<‘ Iw'twoon 
tin* hhidoH in parallol, ami thon* is no fall of prossuro, thon l»F V,. 
Fnim F draw Fit V ^ parallol io tho piano of tin* whool ; tlion HD »■ 
V ' tho ahsoluto volooity of tho st<‘am loa\ in^ tho wlns'I, and tho 
dirooiii»n w-hioh it makos wit.h tin* plant* of tint vshi'ol c:/- *. 
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In order that the steam shall flow smoothly on to the vanes of 
the turbine and not strike them abruptly and thereby cause loss by 
shock, the design must be so arranged that the tangent to the 
entering surfaces of the vanes shall be parallel to the line of flow of the 
steam. 

Thus CD is tangent to the entering edge D of the vane DB. 

Efficiency. — The kinetic energy given up by the steam is represented 


by 


2^? 


ly and the efficiency of the turbine as a machine is pro- 


_ Y^2 

portional to — ^ 

’ a 

To obtain a maximum efficiency, it is obvious that the steam should 
leave the turbine at the lowest possible velocity — in other words, that 
Yc shall be a minimum. 

The efficiency may be determined by considering the change of 
momentum parallel to the wheel. The absolute velocity parallel to the 
plane of the wheel on entering is cos a ; the absolute velocity 
parallel to the wheel on leaving is VgCos — Y^^ cos 0 — V^.. 

Turning effort = change of momentum per lb. of steam 


work done per second 
efficiency 


l(V,.cosa- Y^ + Y^co&O) 

^ (V,„ cos a - V, + V, cos 6») 
work done 

original kinetic energy 
Vy cos a ~ V-p -h cos 0) 

2V-r (V,, cos a — Y-r + COS 0) 


Assuming there is no friction in the vanes = V,, and taking 
inlet angle 6 = outlet angle /?, the expression for the efficiency 
reduces to 


4YT(y,cosa- V t) 

Yr 


0 ) 


because Y,^ cos 0 = Y^^ cos a — Y^. 

Fig. 442 shows how the efficiency varies with the blade speed Y.^, 
assuming a = 20^^ and velocity of steam Ya = 3200 ft. per sec. 

The efficiency will be a maximum when 

4Vf (Y, cosa- Y.p) 

YI 


IS a maximum. 
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To line! the maximum efficiency consider and cos a to be constant, 
then ditferentiate and equate to zero. 


Y, cos a - 2Y-, = 0 



0 400 800 1300 1600 2000 


Blade Speed Ft. /Sec 

Fig. 442. 

If a = 0° then Yj = lY,, (see p. 389). 

If a = 20°; then cos 20° = 0*94. 

Y^ = 0-47Y„. 

Substituting the value of Y^, which gives the maximum efficiency in 
equation (1), the 

2 V„ cos a (v„ cos a - jjt^) 
maximum efficiency = ^ ^ 

2Y„2cos2a(l -1) 

. ” V/ 

maximum efficiency = cos” a. 

If a = 20°, maximum efficiency = cos” 20° = (0-94)” = 0*88, or 88 
per cent. 

In Fig. 443, K and L represent two rows of fixed guide blades, and 
M a I'ow of moving blades between them. Line Y^ represents the 
absolute velocity of the steam leaving the guide-blades K and im- 
pinging on the blades M of the rotating wheel. Line Y,„ making an 
angle /3 with the plane of the wheel, is tangent to the entering edge 
of the moving blade, and is parallel to the direction (relatively to the 
wheel) of the steam current entering the blades. 
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The steam now .flows between the blades of the moving wheel, 
following the concave surface of the blade, and passes out on its 
to the next row of guide-blades at an angle of exit B. 



When, however, the velocity of the wheel is considered, the direc- 
tion of the steam entering the next row of guide-blades is that given 
by making an angle with the plane of the wheel. This line 
should be parallel to the tangent to the entering surface of the fixed 
guide-blades. 

Fig. 444 shows how steam at a high velocity, CA, and with a 
turbine speed AD or EF, may be employed to act upon a series of 



successive turbine wheels and guide-blades so as to absorb the 
kinetic energy of the steam by stages, in other words, to compound 
the velocity and deliver the steam finally at a much reduced velocity, 
KS, CD = DE, DF = FG, and so on. It will be noticed that the 
entrance and exit angles of the blade surface are approximately tangent 
to the entrance and exit angles of the steam. 
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Impulse Turb^es. 

The impulse type of turbine may be subdivided into four classes : 
(<'« ) simple pressure, (h) pressure compounded, (c) velocity compounded, 
(dj Combination of pressure and velocity compounded. 

Tlie slmjple pressure type is illustrated by the De Laval turbine. In 
this turbine the whole of the velocity due to the total pressure fall of 
tiu^ steam is taken on a single wheel. 

The pressure compounded type is illustrated by the llateau type 
f«ce the drum portion of Fig. 452). In this type the total pressure 
fall of the steam is not taken on a single wheel, but proceeds by small 
stages of pressure ; thus there is a small fall of pressure in the first 
s{u*ie« of nozzles, and the velocity generated thereby is absorbed by 
ih(^ wlieel immediately following. A further step in pressure fall is 
taken in the next series of nozzles, which again acts on a succeeding 
wheel, and so on until the total range of pressure fall is utilized. The 
comparatively small fall of pressure at each stage secures a relatively 
small velocity of the steam, and a correspondingly low perij>heral 
velocity of the turbine. 

The’ velocity compjoimded type consists of a single complete fall 
(Fig. 444) of pressure in the nozzle with its accompanying velocity 
(.uicrgy generated, acting successively upon two or more wheels, the 
energy of the steam being absorbed step by step by these succeeding 
rows of blades, without, however, any further fall of pressure. Guide 
blades are, of course, placed between each succeeding row of moving 
blades to suitably direct the steam from one wheel to the next. If, 
say, four rows of moving blades are used, the velocity of the wlieol 
may be reduced to about one-fourth the velocity of the single row type. 

The combination oi pressure and velocity compounded is illustrated by 
the (Jurbis type of turbine. The pressure fall is divided into several 
stages, and each stage is velocity compounded, that is, takes up the 
\^olociby by passing successively through two or more rows of blades 
without fall of pressure. 

The De Laval Steam Turbine. 

d^'.his turbine was introduced in its present form by Dr. Do Laval 
about 1889, and it is used generally for small powers varying from 
5 II. P. to 400 H.r. It consists of a single turbine wheel m<>unted 
on a flexible spindle, the bearings on each side of the wheel being 
some distance apart. The wheel is driven by steam projected on to 
its blades at a velocity of from 3000 to 4000 ft. per second through 
nozzles, the exhaust from the vanes flowing at a much reducoul 
velocity into the air or into a condenser, the kinetic energy of the 
steam being converted into kinetic energy of the wheel. 

The revolutions of the turbine wheel vary from 30,000 revs, per 
minute for a small 5-H.P, turbine, with a wheel diameter to centi'e 
of })lades of 4 ins., and a peripheral speed of 515 ft. per second, 
to 10,600 revs, per minute for a 300-H.P. turbine, with a wlieel 
diameter of 30 ins. and a peripheral speed of 1378 ft. per second. 
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Owing to fche extremely high speed of this turbine spindle, a pinion 
is mounted on its outer end, gearing into a very carefully made, 
machine-cut, double helical wheel giving a reducing speed ratio of 
10 to 1. The driving-pulley which is fixed on the wheel axis thus 
runs at one-tenth the speed of the turbine spindle (see Fig. 446). 

It is found to be impossible to perfectly balance a wheel rotating 
at so high a speed, but the difficulty of excessive vibration was 
overcome by constructing a flexible turbine spindle with a self- 
digning bearing, by means of which the wheel is enabled to rotate 
about its own centre of mass. 

There are vibrations with such an arrangement which increase with 



Fig. 445a. — De Laval Wheel and 
Nozzles. 


Fig. 445b. — Section op De Ijaval 
Nozzle. 



the number of revolutions of the wheel. At a certain speed called 
the “ critical speed ” the vibrations reach a maximum beyond which 
the shaft takes up a new centre of rotation and the vibrations dis- 
appear, a phenomenon known as the settling of the wheel. In the 
De Laval turbine the critical speed is one-sixth to one-eighth the 
standard number of revolutions of the wheel.^ 

On account of the very high speed of the shaft its diameter is vei‘y 
small, and it is therefore easy to make it flexible. The shaft of a 
150 H.P. De Laval turbine is only 1 in. in diameter. A feature of 
this turbine is that the steam is expanded to the full in the nozzle 
before entering the turbine. 

The shape of the nozzle employed is divergent (see Figs. 445a and 
445b) and consists of three parts, namely : (1) The throat at the admis- 
sion end of the nozzle, which is or may be looked upon as the extremity 
of a convergent nozzle preceding it, and where the pressure of the 
steam approaches its critical value ; (2) a divergent part, in which the 
steam expands to its terminal • pressure ; (3) a parallel part, in which 
the steam-particles are directed in parallel lines upon the vanes : this 
pai't is preferably made rectangular and of suitable dimensions to 

1 See lecture by Mr. Andersson, issued by Messrs. Greenwood & Batley, Leeds. 
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A,Ht(‘am stop valve; B, steam ebest cover; C, steam sieve ; p. 

throttle valve; E, steam cliest; E, turbine wheel; G-, shaft for belt pulley. 



centrifugal governor ; Y, safety bearing ; Z, ditto ; A', 


tightening! 
for steam chest; 
isolating plate. 

Eiq. 446. — Section of De Laval Steam Tubbine. 
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efficiently direct the steam on to the vanes. The quantity of steam 



that will be delivered in the unit of time depends upon the area of 
the smallest transverse section of the nozzle. 

Steam is admitted to the turbine 
by a number of nozzles set at an 
angle of 20^ with the plane of the 
wheel (see Figs. 445 and 447), and 
the steam-supply is regulated by 
completely shutting off‘ one or more 
of the nozzles, leaving the others 
wide open instead of throttling all 
the nozzles. The larger the machine 
the larger the number of steam 
nozzles supplied. 

The steam pressure in the tur- 
bine wheel-case is at all times 
practically the pressure of tlie 
exhaust. The efficiency of the 
turbine increases as the steam 
pressure in the turbine -case de- 
creases due to the reduced loss by 
fluid friction between the rotating 
wheel and the surrounding steam 
at the lower pressure, which is an 
additional reason for working the 
turbine condensing. 

The Curtis Turbine. 

This turbine is of the impulse 
type, receiving steam of high ve- 
locity from the nozzle, as in the 
case of the De Laval turbine, but 
utilizing it in such a way as to 
reduce the peripheral velocity of 



Fig. 448. —Section of the Curtis 
Turbine. 


the wheel by passing the steam through a number of wheels in 
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succession, while obtaining a high thermal eflOiciency by delivering the 
steam to exhaust at a low terminal velocity. 

This design of turbine differs from other designs in having a vertical 
spindle with turbine wheels rotating in horizontal planes (Fig. 448). 
In this figure the upper portion is the electric generator, the middle 
portion is the steam turbine, and the lower portion is the condenser. 
The turbine wheels may be two, three,' four, or more in number, each 
wheel being separated from its neighbour by a fixed diaphragm with 
accompanying nozzles in each diaphragm, and with rings of stationary 
blades attached to the outer cylinder to alternate suitably with the 
blades of the respective wheels. 

The process then consists first of expansion of the steam through 
nozzles, and then the subsequent abstraction of a portion of the 
velocity of the steam by impulse upon the first turbine wheel. This 
constitutes the first “stage.’’ To further utilize the energy of the 
steam, this process is repeated through two, three, or more “ stages ” 
or expansions ; thus in Fig. 449, which shows the nozzles and blades 
for a two-stage turbine, it will be seen that the steam flowing from 
the first-stage wheel AA passes through the nozzles in the diaphragm 
below it, expands as before, and gives up more of its energy to the 
second-stage wheel BB below it, and so on until the available energy 
of the steam is utilized. 

Each wheel of the Curtis turbine is fitted with two, and sometimes 

ST^AM CHEST 




Fig. 440. — Cuims Turbine Two-stage Wheels. 


three, rows of buckets. In Fig. 449 two rows of buckets are shown 
on each wheel rim at A A and BB. 

The number of stages or sets of moving and stationary blades 
employed depends upon the degree of expansion, and upon the 
peripheral velocity required. The greater the range of pressure to 
be worked through and the lower the peripheral speed the larger the 
number of stages necessary. 

The governing is effected by closing successive nozzles of the .first- 
stage wheel, and thus decreasing the number of nozzles in action- 
Fig. 449 shows three nozzles closed and two open. 
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The speed o£ rotation of a 2000-K.W. Curtis turbine is 1000 
revolutions per minute. 

The footstep bearing, which carries the whole of the weight of the 
rotating parts, consists of two circular bearing blocks, one of which 
rotates with the shaft, and the other is fixed to the base. Water is 
used as a lubricant, and is forced through a hole in the statit)nary 
bearing between the two surfaces from the centre outwards in a thin 
film. From the foot-step bearing the water passes upwards and 
lubricates a guide-bearing immediately above it, from whence it 
passes to the condenser. A force pump supplies water to this bearing 
at a pressure of about 400 lbs. per square inch. 

Eeactioist Turbines. 

A very early form of practical turbine fabout 1730) was that known, 
as Barker's Mill (see Fig. 449a). It is a machine which rotates by the 



Fig. 449a. 



Fjg. 449b. 


reaction of two streams of water projected from nozzles in the arms 
tangentially to the circle of rotation of the arms. 

Fig. 449b is a modification of the same arrangement. 


The Parsons Steam Turbine. 

This form of turbine was introduced by the Hon. Chas. A. Parsons 
in the year 18S4, and it consists of a long cylindrical steel drum 
CDE (Fig. 450), the diameter of which increases by steps from the 
high-pressure end to the low-pressure end. The drum is mounted on 
a shaft which runs in two main bearings, and the whole is surrounded 
by a fixed cast-iron cylindrical case. The outer diameter of the drum 
is less than the inner diameter of the case, and in the annular space 
thus provided are the blades by means of which the steam drives the 
turbine. 
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The blades on the revolving drum are arranged in rings projecting 



outwards, like bristles, from the surface 
ri"ht angles to the shaft. A space is 


of the drum, and in planes at 
provided between each row of 
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revolving blades for an alternating row of fixed blades projecting 
inward radially from the inner side of the cylindrical case, and 
forming rings of guide-blades, each ring of revolving blades being 
provided with its ring of fixed guide-blades. The steam enters the 
annular chamber A at the small end of the turbine by the double- 
beat valve K, and expands through the rings of alternating guide- 
blades and rotating blades, finally exhausting by the chamber B to 
the air or to a condenser. 

The total fall of pressure from the first to the last ring of blades 
is divided up between the number of pairs of rings, each pair, namely, 
one ring of guide-blades and one ring of rotating blades, constituting 
practically a separate turbine working through a small range of steam 
pressure. 

The steam passes first through a ring of fixed guide-blades, and is 
then projected in a rotational direction against the succeeding ring of 
moving blades. In flowing through the guide-blades the pressure falls, 
and the steam acquires a velocity proportional to the fall of pressure. 
By the impulse of the steam suitably guided to the rotating blades 
work is done upon the blades, and the rotation of the turbine is 
accelerated. 

In passing through the moving blades the current of steam is 
diverted (owing to the shape of the blade) in a direction more or 
less directly opposite to the line of motion of the moving blade, and 
this produces a reaction effect upon the wheel in addition to the force 
due to the initial impulse of the steam. The steam, on leaving the 
moving blades, enters the next ring of fixed guide-blades, from which, 
owing to the sh^pe of these blades, it is diverted in a rotational direction 
upon the next ring of moving blades, and so on. The increased area 
of passages required as the pressure falls and the volume of the steam 
increases is obtained by increasing the length of the blades. When 
the length of the blade has reached the desired limit the diameter of 
the turbine is increased, as at D and E (Eig. 450). 

The reaction effect above referred to is more or less common to all 
types of turbines. The Parsons turbine, however, receives the name 
of a Beaction^ Turbine as a consequence of the fact that part of its 
kinetic energy is generated in the steam during its passage through the 
“ wheels and the reaction effect of this accelerated velocity of the steam 
acts as it leaves the wheel in a direction opposite to that in which the 
wheel is moving. 

Thus, referring to Fig. 450a, suppose- the steam to be leaving the 
lower edge of the guide-blades, as at C, with velocity and direction ; 
then if be the velocity and direction of the wheel-blades, Y,^ is the 
velocity and direction of the steam, relative to the wheel-blades, which 
is entering the wheel passages at A. 

During the flow of steam through the space between the wheel- 
blades A to B, the steam expands owing to the difference of pressure 
on the two sides of the wheel, and increases in velocity from Y,,, its 
velocity, relative to the blades, on entry, at A, to some velocity Y,. on 
leaving. The difference Y^ — Y^ represents the increased velocity 



THE STEAM TURBINE, 


413 


acquired by the steam in its passage through the wheel, and the 
reaction effect due to this increased velocity accelerates the speed of 
rotation of the wheel. 

On leaving the wheel at B, the steam passes to the next row of 
guide-blades ; but its velocity V,., which it had relatively to the wheel, 
will^ now become in magnitude and direction on entering the 
stationary guide - blades, as seen by constructing the diagram of 
velocities- 

A similar acceleration of velocity of the steam occurs while passing 
through the guide-blades as occurs while passing through the wheel- 
blades. 

When the angles of the blades at the entering and leaving edges are 
the same for both guide-blades and wheel-blades, which is usually the 


GUIDE BLADES 




I'Vd, 




Vc 


WHEEL BLADES 

Fig. 450a. 



case, the velocities of the steam on entering and leaving the guide- 
blades are equal to the corresponding relative velocities of the steam 
entering or leaving the wheel-blades. 

The diagrams of velocities may be combined, as shown at the left- 
hand end of Fig. 450a. EFG- is the triangle of velocities of the steam 
leaving the guide-blades and entering the wheel-blades, and FHGr for 
the steam leaving the wheel-blades and entering the guide-blades. 


Reaction and Impulse Turbines. 

The following is a summary of the differences between the two 
types : — 

The Impulse Turbine . — 1. In this type the whole of the intended 
fall of pressure of the steam takes place in the nozzle itself before the 
steam reaches the wheel. 

2. There is no difference of pressure in the two sides of the impulse 
wheel. 

The Reaction Turbine. — 1. Part of the transformation of pressure 
energy to kinetic energy takes place loifMn the wheel itself. 
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2. There is a difference of pressure and velocity of the steam between, 
the inlet and outlet ends of the blades, the pressure falling and the 
velocity increasing as the steam passes through the spaces between 
the blades. The reaction turbine is so named because of the reaction 
effect created by the accelerated velocity generated within the wheel 
itself, as distinguished from velocity generated externally to the wheel. 

3. There is a loss due to leakage of the steam through tlie clearance 
spaces between the wheel (rotor) and the case (stator), due to the 
difference of pressure on the two sides of the wheel. This difference 
of pressure on the two sides of the wheel not existing in the case of 
the impulse wheel, the loss in the impulse type through clearance is 
negligible. 

In the previous cases friction of the steam in the passages has been 
neglected. In Fig. 450b, if BF be the theoretical relative velocity of the 

steam leaving the wheel-blades, and BH 
the actual relative velocity, FH being 
the . loss due to friction, then the steam 
passes to the next row of blades with a 
velocity and direction equal to BK in- 
stead of BG, HK being equal to FG, the 
velocity of the wheel-blades. 

It will be obvious that the velocity 
of the steam passing forward through 
any transverse section of the turbine 
must be such that BN (Fig. 450b) drawn parallel to the axis of the 
turbine is not less than the velocity necessary to pass, at that section, 
the weight of steam per second required to generate the estimated 
power of the turbine. 

The cross-sectional area of the exit end of any given row of blades 
is equal to the width of opening B (Fig. 450a) multiplied by the 
number of such openings in the periphery of the wheel at that section, 
and by the width of the annular steam space at the section. 

Thus if W = weight of steam per sec. to be passed through the 
turbine to generate the required power, V = cubic feet of steam per 
lb., S = velocity of the steam in feet per sec., and A = net cross- 
sectional area of passage in square feet ; then — 

WV = AS 



In Fig. 450b BN must not be less than S as given in the above 
equation. 

Example. — A 1000 H.P. turbine using 18 lbs. of steam per hour per 
horse-power has a net annular steam space between the blades of 
50 sq. ins. at a point where the steam passes the cross-section at a 
pressure of 60 lbs. per sq. in. Find the velocity of the steam in the 
direction of the axis of the turbine in order to pass the weight of 
steam required. (Specific volume of steam at 60 lbs. absolute pressure 
= 7 cubic ft. per lb.) 


B 
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Then- 


WY . 

~ A 

_ 1000 X 18 X 7 X IM 
“ GO X GO X 50 
= 100*8 ft. per sec. 


ft. per sec. 


To maintain this velocity approximately constant throughout the 
whole range of guide- and wheel-blades, there must be an approxi- 
mately constant ratio between the volume of the steam at any given 
cross-section at which the pressure is known and the cross-sectional 
area of fche passage through which the steam at the given pressure is 
passing. 

The blades vary in length according to the size of the turbine, from 
f in. or less at the high-pressure end to 6 ins. or more in length at 
the low-pressure end, and are made from rolled sheet brass strips 
having a more or less crescent- shaped cross-section. The longer blades 
are stiffened by shrouding. The blades are fixed in dovetailed grooves 
in the drum, with distance pieces between them, the whole being 
caulked in position. 

Clearance. — When in position the rings of blades on the case nearly 
touch the surface of the revolving drum, and the projecting blades 
from the drum nearly touch the internal surface of the case. These 
clearance spaces are left as small as possible, varying from 0 015 at 
the small end to 0*025 at the large end for small turbines, while for 
large turbines (say 5000 K.W.) the clearance varies from 0*035 at the 
small end to from 0*05 to 0*06 at the large end. 

The proportion of steam loss due to radial clearance leakage in- 
creases at low peripheral speeds. 

Fine radial clearances are essential to steam efficiency. They add, 
however, to the danger of friction between the blade and the surface 
of the drum or cylinder, and hence to the stripping of blades, especially 
in cases where the turbine spindle is not sufficiently stiff to prevent 
sagging, or is imperfectly balanced, causing a whipping action of the 
spindle; or where there is cylinder distortion due to unequal 
expansion. 

At the left end of the spindle (Fig. 450) are grooved pistons or 
dummies, F, G, H, equal in number to the number of steps in the 
drum. The object of these pistons is to prevent end thrust, due to 
difference of steam pressure on the two si^es of the rotating blades, 
by setting up equal and opposite axial pressures against the faces 
of the dummies. The steam acts upon these end pistons through 
passages cast in the body of the cylinder as shown. 

To make these pistons steam-tight, and at the same time to avoid 
friction, rectangular grooves are turned on the pistons, and in the 
grooves rectangular rings are fitted, but without touching the surface 
of fche cylinder, the joint being rendered steam-tight by the centrifugal 
action of the steam in the neighbourhood of the pistons. A similar 
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packing is fitted at the stuffing boxes where the shaft projects from 
the turbine cylinder. 

A thrust bearing is provided at the end of the turbine shaft to 
prevent contact between the rotating and stationary parts of the 
turbine, and to provide means of adjusting the clearance between 
these parts. 

Admission of steam to the turbine occurs in a series of gusts by 
the periodic opening and closing of the double-beat valve K (Fig. 451). 
This valve is controlled by means of a steam relay, which is kept 
working continuously by mechanical connection with the turbine 
shaft, giving it an up-and-down pulsating movement at the rate of 
about three strokes per second. 

Fig. 451 shows in detail the action of the governing gear and relay 
valve as constructed by Messrs. Brown Boveri.^ On opening the main 



stop valve E, steam enters the valve chamber, and is admitted to the 
turbine when the double-beat valve K opens, which it does inter- 
mittently by the following means. The spindle of the valve projects 
upwards through a spring chamber or cylinder, and the spindle carries 
a small piston which is diiclosed in this cylinder,’ and which is held 
in its lowest position by the spring. In the bottom of the cylinder 
there is a small hole, 0, regulated by a small adjusting valve through 
which the steam flows continuously into the cylinder below the piston 
B when the stop valve E is open. The steam under the piston lifts 
the double-beat valve K and admits steam to the turbine. This 

^ See a paper by Will Rung and A. E. Schoder, Engineer (American), January 1, 
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<accounts for the upward movemeat of the valve, but the intermittent 
upward and downward movement is obtained by providing another 
and larger opening, D, which acts as an exhaust port- This port is 
alternately opened and closed by means of a small piston valve, G, 
which receives a regular periodic up-and-down movement from the 
eccentric cam C. When the exhaust port is closed, the piston B rises 
and the double-beat valve K lifts ; when the exhaust port opens the 
steam escapes, and the piston falls by the action of the powerful spring, 
and the valve K closes. 

The number of alternate openings and closings of the exhaust port, 
and therefore the number of gusts of steam supplied to the turbine, 
is determined by the rotations of the governor, from the spindle of 
which the movement of the small valve G is obtained* 

The governor regulates the speed of the turbine as follows : When 
the speed increases above the normal, the action of the governor raises 
the small valve G above its mid position, giving an earlier and fuller 
opening to exhaust, and therefore a shorter period of time of opening 
and a more restricted lift for the double-beat valve* 

Conversely, when the speed falls below the normal, the relay valve 
opens later, and the double beat has a wider opening. At full load the 
steam-gusts merge into an almost continuous flow. 

The steam which escapes from the exhaust port of th-e relay valve 
is passed by means of pipes to the main bearing glands of the turbine, 
thereby acting as a steam packing and preventing leakage of air into 
the turbine. The constant movement of the parts tends to keep the 
governor gear free and sensitive. 

Bearings. — The form of shaft-bearing employed consists of a gun- 
metal bush, which is prevented from turning by a loose-fitting dowei. 
The bush is surrounded by three concentric tubes, fitting easily within 
each other. The annular space between the tubes is filled with oil, which 
damps all vibrations, and the bearing is practically self-centering. 


The Disc-Drum Turbine* 

With a view to increasing the speeds of rotation for electric 
generators, and thereby reducing weight of plant and cost of construc- 
tion per kilowatt, combinations of the previous types of turbines have 
been adopted, consisting of a single impulse wheel of the Curtis type 
for the high-pressure . end combined with either a reaction turbine of 
the Parsons pattern, or a series of wheels of the Bateau type,- for the 
low-pressure end. 

Some advantages of this combination are: (1) loss by leakage past 
the short blades, owing to the ratio of blade length to clearance being 
large at that end, i^ avoided ; (2) the pressure and temperature of the 
steam entering the turbine from the nozzle on a single-impulse wheel 
are less than in the case of the reaction turbine, and there is therefore 
less tendency to distortion of the turbine casing ; this is particularly 
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important where superheated steam is employed ; and (3) the length 
of the turbine shaft is reduced. 

In the Westinghouse high-pressure impulse turbine, Fig. 452/ the 
steam is expanded in the nozzles C before entering the turbine and the 
velocity produced is absorbed in a two-stage velocity wheel M of the 



Curtis type. Three nozzles are fitted, one nozzle only is used up to 
half load ; two nozzles from half to full load, or when working non- 
condensing ; and three nozzles for overload. 

The steam next passes through a series of nozzle-pierced diaphragms 
and wheels alternately (Rateau type). The taper webbed steel 
^ Kindly supplied by the British Westinghouse Co. 



THE STEAM TURBINE. 


419 


wheels shown dark in section are forced on the stepped shaft and fixed 
hy keys. 

The diaphragms dividing the wheel chambers are in halves to allow 
of easy inspection of the glands at the shaft. 

The pressure on the two sides of the wheels is the same, so that there 
is no tendency for steam to leak past the wheels. 

There is, however, a difference of pressure on the two sides of the 
diaphragms and a tendency for leakage to take place between the shaft 
and the surface of the hole in the diaphragm through which it passes. 
Leakage is reduced to a minimum by providing this opening in the 
diaphragm with special glands, which may touch the wheel' and wear 
down slightly, thus giving a minimum clearance. 

A labyrinth gland and water gland prevent leakage of steam 
past the shaft at the high-pressure end, and a water gland at the low- 
pressure end. 

The pressure on the two sides of the wheel being the same, no 
balance pistons are required, as there should be no end thrust. 

Labyrinth Glands . — The leakage of steam through turbine glands 
where ordinary steam-tight packing cannot be adopted is prevented, 
or reduced to a minimum, by the adoption of 
what is known as Labyrinth Packing. This type 
of packing is represented by Fig. 453, which 
illustrates different forms of its application. The 
rotating rings do not actually touch the surface, 
but the clearance between the surface and the 
rings is made as small as possible so as to reduce 
the leakage to a minimum. The steam seeking to 
escape has first to pass through a long series of 
these clearance spaces, at each one of which it is 
throttled or wire-drawn, and this form of gland 
has proved very effective for its purpose. The 
lower figure is a further improvement in this 
form of packing, which is the form adopted in 
the Brush-Parsons turbine. Its special feature 
is that the steam is wire-drawn at two points 
in each of the grooves in place of one point only, 
as with the usual form of packing. 

Exhaust Steam Turbines. 

Steam turbines are much more efficient in the use of low-pressure 
steam than reciprocating engines. The steam can be expanded with 
advantage to a lower pressure in a turbine, as the very large 
volume of the steam at low pressures can be more easily dealt with 
by turbine blades than in the cylinders of reciprocating engines, which 
would require to be inordinately large. The possible work to be 
obtained by expanding 1 lb. of dry steam in a piston engine from 
14*7 lbs. pressure to, say, 9 lbs. pressure and exhausting at 3 lbs. 
pressure, is shown by the area abode on the t — cl> diagram (Fig. 454). 



FiCx. 45;^. 
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The possible work to be obtained per pound of steam in a steam turbine 
by expanding from 14*7 lbs. pressure to 4 lb. pressure is shown by the 



area ahfg. The extra work to be obtained per pound of steam by 
exhausting at ^ lb. pressure in the piston engine, is shown by the area 



edghj and this amount is not worth the extra cost required to obtain it. 
The extra work to be obtained per pound of steam in a turbine by 



increasing the degree of vacuum in a condenser is shown in Fi<y. 455 
where the cross-lined area represents the extra work-area addedlis the 
final pressure is reduced by successive half-pound increments. Fig. 456 
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shows similarly the extra work to be obtained by similar reductions of 
back pressure in the piston engine. 

These areas m-ay be measured to find the numerical value of the 
work done in each case. 

The high efficiency of turbines using low-pressure steam has led to 
the introduction of a class of turbine specially designed to utilize the 
exhaust steam from non-condensing engines. In many cases the low- 
pressure cylinder of condensing engines has been abandoned and an 
exhaust-steam turbine substituted in its place. 

In ships of moderate speed reciprocating engines using high-pressure 
steam have been combined with low-pressure or exhaust turbines. 
The general arrangement is to have three main lines of shafting each 
driving an independent propeller ; the centre shaft being driven by the 
turbine and the two side shafts by reciprocating engines. The economy 
obtained is about 12 per cent, higher than would be the case if recipro- 
cating engines only were used. 

Real A(^mmulatOT, — Where the supply of exhaust steam from re- 
ciprocating engines is intermittent, as in rolling mill engines, etc., 
the supply of steam to the turbine may be rendered more uniform by 
passing the exhaust steam into a regenerator or heat accumulator on its 
way to the turbine. The heat accumulator is practically a large tank 
containing water into which the exhaust steam passes. The tempera- 
ture of the exhaust steam is about 212° F., and it raises the water 
approximately to this temperature. When there is a deficiency of 
exhaust steam, the heat contained in this large volume of hot water 
in the accumulator supplies additional steam at some pressure below 
that due to its own initial temperature, sufficient in quantity to main- 
tain the speed of the turbine until a fresh supply of exhaust from the 
engine is available. If too much exhaust steam is supplied at any one 
time for the size of the accumulator, then the surplus is blown into the 
atmosphere through a relief valve. If the supply of exhaust steam is 
insufficient to maintain the pressure and temperature in the accumu- 
lator, then a supplementary high-pressure steam supply from the 
boiler is passed through a reducing valve to make up the deficiency. 

The use of dummies can ,be avoided in turbines using high-pressure 
steam by admitting steam at the centre of the turbine and allowing it to 
flow both ways. Such a double flow arrangement has been used, but the 
leakage past the blade tips is nearly doubled, and this form of turbine 
with high-pressure steam is abandoned. The double flow arrangement 
is, however, used with much success for exhaust steam turbines. 

Temperature-Entropy Diagram.— The temperature-entropy diagram. 
Fig. 457, may be used for determining the work done by the steam, the 
dryness, and the volume of the steam after expansion in the steam turbine. 

The ideal expansion curve in a steam turbine would be adiabatic, 
and would be represented on the t — cj> diagram by a vertical line AB. 
The area ABCD represents the heat converted into kinetic energy 
per pound of steam in an ideal turbine. In an actual turbine tlie 
velocity acquired by the steam is reduced owing to the friction between 
the steam and the surfaces of the containing channels, and some of 
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the energy is also wasted in eddies. The result is that the kinetic 
energy available for useful work is less than that shown by the area 
ABCD by the amount of the kinetic energy reconverted into heat. 
The effect of this liberated heat is that the actual expansion curve 
follows more nearly a line AE to the right of AB. The dryness of 
the steam after adiabatic expansion would be represented by the ratio 
OB OE 

— ^ : the actual dryness is which shows that the steam is drier in 
CH ' CH 

the latter case. The additional heat carried away by the steam to 
exhaust is shown by the area BEFG. The amount of heat therefore 
converted into work is given by the area DABC ~ EBEG. 

The Mollier Diagram. — ^A new form of diagram introduced by Dr. 
Mollier is of great value and convenience in solving heat problems con- 
nected with the steam turbine (see Folding Chart at end of book). 
In this diagram total heat and entropy H — </> are used as the co-ordi- 




nates instead of temperature and entropy as in the T — diagram. 
Fig. 458 illustrates the general features of the diagram, and the figures 
which follow illustrate its use for practical purposes. Adiabatic 
expansion is represented by vertical lines. There are also drawn 
upon it lines of constant steam quality, as to dryness or superheat, 
as well as lines of constant pressure. The following examples illustrate 
its use in solving problems connected with the expansion of steam. 

Example 1. — Steam having a superheat of 150° F. expands adiaba- 
tically from 16.0 lbs. to 1| lbs. ; find the dryness of the steam after 
expansion and the heat units lost per pound of steam. 

To find the state point of the steam before expansion trace the 160 
lbs. pressure line until it meets the 150° superheat line at A (Fig. 
459). As the expansion is adiabatic, it will be represented by the 
vertical line AB. The final state of the steam is shown at B where 
the adiabatic expansion line meets the IJ lbs. pressure line ; the 
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Entropy. 
Fio. 459. 


, tihrou^h 0 until • •pv Then B will be 
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the exact condition of the steam is not accurately known at all points 
of its passage through the turbine, and certain assumptions as to its 
condition are therefore necessary. 

When a turbine is required for any purpose, the horse-power, suit- 
able speed of rotation, boiler pressure, superheat, and probable vacuum 
may be considered as known, and the first question to be determined 
is the total weight of steam to be dealt with in the turbine. 

W eight of steam to he dealt with — Condition of the steam . — The 
amount of heat per pound of steam turned into work by a perfect tur- 
bine working between the given range of pressure and expanding adia- 
batically between these pressures, is found most easily by the aid of the 



Mollier diagram, by drawing a line starting from the known pressure 
line, and at a position on that line depending on the quality of the 
steam as to dryness or superheat, and producing it vertically to the 
knowm final pi'essure line (see Fig. 460)^. The actual amount of this 
heat which will be converted into work must be assumed from previous 
experience of similar turbines, and may be taken to be represented by 
the ratio of AC to AB. This efficiency ratio varies in practice from 
55 per cent, to 75 per cent., which shows that in practice the expansion 
of the steam does not follow the adiabatic law. 

Assuming that the loss of efficiency has been due to leakage past the 
tips of the blades, and friction and eddies of the steam during expan- 
sion. then the whole of the initial heat in the steam which has not been 
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converted into useful work must be present in the steam at exhaust ; in 
other words AB — AC = BC = the unused heat present in the exhaust. 
The condition of the steam after expansion may be found by following 
the constant pressure line BD through B till it meets the total heat 
line C.D drawn through 0. The point D shows the total heat and 
dryness of the steam after expansion. The total heat after expansion 
under practical conditions in the turbine is seen to be greater at the 
final pressure than it would have been if the expansion had been adia- 
batic. The state of the steam at points between A and D may be con- 
sidered to lie on the line AD, but may actually lie above or below AD. 
The more accurately the state of the steam is determined between A 
and D as it passes through the turbine, the more accurately the pro- 
portions of the blades and passages may be designed. Knowing the 
work done in heat units per pound of steam from the diagram, it is a 
simple calculation to determine the pounds of steam required per hour 
for the given power. The turbine passages are usually designed to 
take a slightly larger quantity of steam than is required for full load. 
The mean blade speeds of a Parsons turbine vary from 80 ft. per 
second in the h.p. section of a marine turbine to 200 ft. per second 
in the l.p. section. In turbines adapted for electrical work the velo- 
cities are higher, varying from 100 to 170 ft. per second in the h.p, 
section to 350 ft. or more in the l.p. section. In marine turbines 
lower rotational speeds are necessary than in stationary practice, be- 
cause the efficiency of the propeller falls off considerably as the speed 
of rotation increases. On this account, namely the limitation of rota- 
tional speed, the weight of marine turbines per unit of power is cor- 
respondingly higher. The weight of turbines varies inversely as the 
stjuare of the revolutions approximately ; hence high speeds are 
advisable where possible. 

General Equations involved in Turbine Design.— The following 
equations show the relations existing between the various factors 
required for use in turbine design. 

Lot N = revolutions per minute of rotor ; 

D = mean diameter of blade circle in inches ; 

V-i- = velocity of blades in feet per second ; 

Vs = velocity of steam in feet per second. 

_ ttDK 
12 X 60 

__ 12 X 229Vt 

ttN ■" N 

This equation shows that when the number of revolutions has been 
fixed, the diameter of the turbine depends upon V^,. The larger N.^ is 
made the larger the diameter of the turbine, and the shorter the blades 
for a given power. The weight of the turbine rapidly increases with 
the diameter, so that to save weight is required to be small. 

A small Y^ requires, however, a larger number of stages and an in- 
creased length of turbine. The maximum Y^ is limited by the stresses 


Then 

or 


426 


STEAM-ENGINE THEORY AND PRACTICE, 


produced by centrifugal force ; tbe minimum is limited by the 
increased cost of a long turbine. 

The blade speed fixes the steam velocity Yg. A high steam velocity 
with a given peripheral speed Y^ gives more work per stage with fewer 
stages and a shorter turbine. 

The ratio ^-varies, but for turbines driving electrical generators is 

generally taken = 0*6, and for marine turbines the ratio lies between 
0-30 and 0*50 for the first row of guide blades. 

Annulus Factor. — The area for the passage of the steam if the tur- 
bine were free from the obstruction of the blades would be the annular 
area between the rotor and the inside of the casing. Also, if the blades 
permitted of the flow of the steam in a direction parallel to the axis of 
the turbine, the axial velocity of the steam would be the same as the 
steam velocity Y. The height li of the blades would then be — 



K-- 




Wig. 461 . 


W X volume of steam 
ttD X Y 

The axial velocity is, however, only 
V sin 0, where 0 is the inclination of the 
vane at discharge. It is therefore neces- 
sary to multiply the height It found above 
by a factor called the annulus factor. 


Let ]} = pitch of blades (Fig. 461) .; 

0 = outlet angle of blades ; 
t = thickness of blades ; 
h = width of passage ; 

D = mean diameter of row of blades in feet ; 
li = height of blades in feet ; 
n = number of blades per row ; 

u = total volume of steam passing through the blades per second ; 
Y = velocity of steam. 


Then— 


Total area of steam passage 
and 


h = p sin 0 — t 
ttD 


= A^h.h 


« = V.— fc.ft 


Substituting for h and transposing 


7rDY(jp sin 6 — t) 


The leakage past the tips of the blades has not been considered ; 
this may be taken to balance the obstruction caused by the blade 
thicknesses. 
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61 = 19° 27' and omitting i, sin 6 

“ ttB ¥^3 
, 3m 


. . ( 2 ) 


Also ^ = area through which the steam passes at a velocity V ; and 

ttDIi = annular area between the rotor and casing. Then equation (2) 
shows that the annular area between the rotor and casing is about 
three times the area required for the steam when 6 is about 20°. This 
ratio or annulus factor varies for different thicknesses of blades and 
different angles. 

A common rule is to make the area of the annulus three times the 
area required for the steam. 

Number of Stages. — The number of stages may be determined by 
finding the work done per stage from the velocity diagram, and assum- 
ing the work done is the same in each stage the number of stages N is — 

total work 
” work per stage 

Experience is again useful in .fixing upon a suitable number of 
stages, and the following empirical formula covers average practice : — 

NV./ = constant 

The constant varies from 2,200,000 to 2,600,000 for electrical tur- 
bines, and from 1,400,000 to 1,600,000 for marine turbines. ^ 

The greater the blade velocity the less the number of rows of 
blades. 

The theoretical basis 
of this formula may be 
shown as follows : — 

Let Pig. 462 repre- 
sent the velocity dia- 
gram for one stage of a 
reaction turbine. 

V is the absolute ve- 
locity of the steam enter- 
ing the turbine ; is 
the blade velocity. Then 

is the relative velocity 
of the steam with regard 
to the blade, and /3 is 
the correct angle for 
the blade so that the 
, steam may pass to the Piq. 462. 

blade without shock. 

The relative velocity of the steam on leaving the blade is Y and is 
greater than the relative velocity of the steam Y* on entering, owing 
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to the velocity developed in the moving blades. ^ It is assumed that 
the velocity of the steam leaving a row of blades is not destroyed but 
is available in the succeeding row of blades. 

Considering the kinetic energy of the steam before entering the 
blades and the kinetic energy on leaving the blades, the work done will 
be the difference between them, that is, work done per pound of steam 
is— 

- V/ 

% 

Let V = cYt, where c is a constant. 

Then from pure geometry — 

Y'^ = Y,^ + Y,.^ + 2Y.pY, cos /S . 
and Y^ - Y/ = Y./ + 2YtY, cos /3 

= Y./ 4- 2Yt(Y cos 0 - Y,,,) 

= Y/ 4- 2Y,{cY,, cos 0 - Y^) 

Work per stage including wheel blade and guide blade 

= CQS 6> - 1 ) ^ Y,/( 2r c os 0 - 1) 

2g ^ 2g ~~ g 


By using the last expression for the work done per stage, a formula 
may be deduced showing the relation between Y^ and the number of 
stages. 

Let 6 = 20° 


, , V/(2 X 1-666 - 1) 

work per stage = — '■ ^ 


= V./ X 0-06624 


Let U = the heat units actually converted into work from the stop 
valve to the condenser. 

= number of stages. 

Then x 0-06624 = U X 778. 

Assuming an average value for U of 200 B .Th.XJ. 


N . V/ = 


200 X 778 
0-066-24' 


NYt* = 2,348,000 


( 1 ) 


The constant varies with the ratio of with 0 and with U. 

V T 

The formula gives the number of stages, assuming a constant velocity 
Y-p throughout the turbine. Y^ is not constant except over a short 
length, but by consideriug any given fall of total heat over the length 
where Y^ is approximately constant, the number of stages in this 
length may be determined. This method is useful as a first 
approximation. 

Example. — Assuming | of the work is done in the h.p. portion of 
the turbine and using formula (1) — 

NYt^ = 2,348,000 
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Let = 140 


IST = = 39*9 (say 40 stages) 

3 X 140 X 140 


then. 

Example of Blading Design, Parsons Type Turbine.— The design 
of a reaction steam turbine may be ^ 

example. Suppose a marine turbine is required of 1“^,000 hi* • 
Dry saturated steam is to be used having an initial pressure 01 IbO 
lbs. per square inch. The condenser pressure is to be 1 lb. A 
number of arbitrary assumptions are made which are based on past 
experience with similar turbines. Assume the revolutions to be 
340 per minute and the peripheral velocity Yt at the high-pressure 

end to be 100 ft. per second. Assume ^ = 0*4,' also an efficiency 

ratio of 65 per cent. Suppose 13-5 lbs. of" steam are required per 
hour per hor^-power and that 0*5 lb. leak past the dummies per hour 
per horse-power, then the amount of steam passing through the turbine 
is 13 lbs. per hour per horse-power. 

Heat converted into Work in the Turbine.— The amount of heat 
converted into work, if the expansion is adiabatic, may be obtained 



either from the H — ^ diagram or the t — <j> diagram. •J'JY 

H _ d> diagram (Fig. 463), the vertical line AB drawn from the initial 

pre.ssure 160 lbs. to the final pressure of 1 lb. Y nm 

inverted into work when the expansion is adiabatic. From tlio 
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diagram AB = 322 B.Th.U. Assume an efficiency ratio of 65 per 
cent, and make AG = 65 per cent, of AB. Draw CD to meet the 
1 lb. pressure line through B at D. Then D is the state of the 
steam at the end of the expansion, the numerical vulue of which is 
seen by reference to the scale of the lines of constant quality and 
total heat. A straight line joining A and D will represent approxi- 
mately the state of the steam during expansion. 

Division of the Work between H.P. and L.P. Drums. — .For equal 
work in the high-pressure and low-pressure turbine bisect AC in E 
and draw EF horizontally to meet AD in F. Then the pressure and 
dryness of the steam on leaving the high-pressure turbine are shown 
at F. 

A usual arrangement is to have seven expansions in the h.p. 
turbine and five expansions in the l.p. turbine. Allowing equal heat 
drop in each expansion, AE may be divided into seven divisions and 
EC into five divisions. The pressure and dryness of the steam at 
each stage may be determined by drawing horizontal lines to meet 
the assumed expansion line AD. 

Peripheral Dimensions of the H.P. Drum.— The velocity of the 
steam entering the first expansion is Yg = ^ = 250 ft. per 

second. 


The mean diameter of the blades in the first expansion (see p. 425) 


Vt X 229 
340 


100 X 229 
340 


= 67*35 inches. 


The weight of steam passing through the turbine per second 
12,000 x 13 ,,, 

= ~60 xG0 pounds. 


The volume of 1 lb. of steam at 160 lbs. pressure = 2*834 cubic 
feet. 

Therefore total volume entering the first expansion = 43~ X 2*834 
= 122*8 cubic feet per second. 

Let = height of blade in feet ; annulus factor = 3 : 


_ 3 X 122*8 X 12 
^ “ TT X 67*35 X 250 


= 0 08354 ft. or 1*00 in. 


The diameter of the h.p. drum is 67*35 — 1 = 66*35 in. 

The blade height in the last expansion of the h.p. turbine is not 
so easily obtained, as the mean diameter of the blades is unknown 
until the blade height is determined. 

The area of the annulus = ttDA. 

Let W = weight of steam per second ; v = volume of steam in 
cubic feet per pound ; Yg = steam velocity ; annulus factor = 3, 

Then area required for annulus — 


Wv Wv ^ _ . 

— X 3 — y^ X 3 X 0*4 

V 1 XT 

V I = - where N = revs, per min. 


60 


THE STEAM TURBINE. 


43 T 


7rT)]i = 


Wv X 60 X 0*4 X 3 


Wv 


TrDlSr 

72 




4.31 v 72 


If D and h are ia inches Dh = 0*9298 x 1728^; == 16062 ?. 

The mean diameter of the blade heights may also be written 
D == 66*35 4 - /i, where h is not yet known. 

The volume 2 ? at the beginning of the last expansion is 18 cubic 
feet. 


= 1606 X 18 = 28,910 
D = 66*35 + h. 

F rom these equations D and li may be determined. An easy method 
of doing this is to substitute two or three trial values of D. By 
this method, D = 72*94 ins. and h = 5*59 ins. The blade heights 
for the intermediate groups may be obtained in a similar manner by 
substituting for v the volume at the beginning of each group. The 
blade heiglibs so obtained are given in column 8 of Table given below. 

A common method of determining the intermediate blade heights 
is to multiply the preceding blade height by a factor. The common 

« /first blade height , i v* • rm 

tactor = \/ — ^ ^ where n = number of expansions. The 
V last blade height ^ 

factor in this case with seven expansions = = T332. The 

factor T332 is called the common ratio, and the blade heights 
obtained by this method are given in column 7 of the Table. The 
dilference in sizes obtained by these two methods is very small, as will 
be seen by comparing columns 7 and 8 . The blade heights obtained 
l)y tlie common factor will be the sizes adopted. 


High-Pbessure Turbine. 


No. of 
oxpan- 
Bion, 


Dryness of 
steam at 
beginning. 

Volume per lb. 


Height of blades, h. 

presBure at 
! beginning. 

1 , , . . 

Dry steam. 

Actual 

volume. 

Mean diameter 
of blades. 

By 

common 

factor. 

By using 
actual 
volume. 

1 

ICO 

1*000 

2-834 

2*834 

inches. 

67*35 

1*00 

1*00 

‘2 

ik; 

0-990 

3-848 

3*81 

07*68 

1*33 

1*33 


83 

0-980 

5*28 

5*17 

08*12 

1*77 

1*79 

4 

5 !) 

0-971 

7*28 

7*07 

08*71 

2-30 

2*40 

5 

42 

0-902 

10-02 

9-04 

09*50 

3-15 

3*20 

f ) 

30 

0-954 

13-74 

13*10 

70*55 

d * 2 () 

4*23 

7 

21*2 

0*947 

19*00 

1800 

71*94 

5*59 

5*59 


The steam velocity at the beginning of the first expansion will be 
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250 feet per second ; the velocity at the end of this expansion will be 
greater than this owing to the increased volume due to expansion. 
The velocity will be proportional to the volume, as the blades are all 
of the same height and have the same inclination. The volume of 
1 lb. of steam at the end of the first expansion is 3*81 cubic feet ; 
the volume at the beginning is 2*834 cubic feet. The A^elocity of the 

3*81 


steam at the end of the expansion will therefore be 


2*834 


X 250 = 336 


feet per second. The mean peripheral velocity of the blades in the 
second expansion will be slightly greater owing to the increased blade 
heights. The mean diameter is 66*35 -}- 1*33 = 67*68 ins. 


67*68 x 340 

= = 100*5 ft. per second 

The steam velocity = = 251 ft. per second. 

(^7ote : ratio ^ = 0*4.) 

By similar calculations the steam and blade velocities for the 
remaining expansions are obtained as shown in Fig. 464. 



Number of Stages. — The number of stages required in each ex- 
pansion can be determined by dividing the heat drop per expansion 
by the work done per stage. A velocity diagram may be drawn for 
each stage and the work done may be calculated. Instead of drawing 
a velocity diagram for each stage separately, the ariflmetieal or the 
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geonietrical mean of the initial and final velocities of each expansion 
may be taken and will give a sufficiently accurate average result. The 

arithmetical mean for the first expansion is ^ = 293. The 

geometrical mean is V 336 x '450 = 290. The difference between them 
is small, but the geometrical mean is slightly more accurate and will 
be used throughout. 

Fig. 465 shows the average velocity diagram for the first expansion, 
from which can be determined the relative velocity of steam, viz, 
199 ft. per second. 



The work done per pound per row = ^"^ 32 -2 ~ B.Th.U. 

The work done per stage, consisting of one row of gtiide blades and 
one row of moving blades, is 0*888 x 2 = 1*776 B.Th.U. The total 
heat transformed into work in the turbine with an efficiency ratio of 
0-65 = 322 X 0*65 = 209 B.ThUo 

If the work in the high- and low-pressure turbines is to be equal the 

work done in the h.p. turbine = = 104*5 B.Th.U, The work 

done in each of the seven expansions is — = 14*93 B.Th.U. 

Assuming an average blade efficiency of 75 per cent, in the h.p. 
turbine, then the number of stages in the first expansion 


14*93 

“ 1*776 X 0*075 


1T2 stages. 


Similarly the number of stages in the remaining expansions may be 
obtained by drawing their average velocity diagram. When the 
number of stages is not a whole number, a slight adjustment must 
be made in the various expansions. The calculated stages, and the 
stages adopted are shown below. 


jSTo. of expansion. 

No. of stages. 

By calculation. 

Stages adopted 

1 

11*2 

11 

2 

] 0 - 9.3 

11 

3 

10*84 

11 

4 

10-75 

11 

5 

10*52 

10 

6 

10-02 

’ 10 

7 

9*72 

10 
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The total number of stages adopted is thus 74 stages. 
Using the approximate formula — , 


NV,r“ = 1 ,500,000 for the whole turbine; 

N 

and taking = 100 ; N •= 150 ; for the h.p. turbine = ^ = 75 
stages. 

Low-Pressure Turbine. — The mean velocity of the blades at the 
beginning of the low-pressure turbine may be made V 2 times the 
velocity of the blades at the beginning of the h.p. turbine. 


Y,p = 100 v^2 = 140 ft. per second 
140 

Vg =r- -gq- = 350 ft. per second 


Diameter = 


Vt X 229 
340 ~~ 


140 X 229 
340 


= 94*28 ins. 


The volume of the steam entering the low-pressure turbine is 24*7 
cubic feet per pound. 

3 X 431 X 24'7 X 12 

.*. height of blades in first expansion = — ^ ^ 94-28 x 35 0 
= 0*3176 ft., or 4*46 ins. 


Diameter of low-pressure drum = 94*28 — 4*46 = 89*82 ins. 

The mean diameter of the blades and their height may be obtained 
as before by using the two equations — 


= 1606r 

D = 89*82 -f 7i. • 


At the beginning of the last expansion v = 172 cubic feet. By sub- 
stituting this value of v in the above equation, and taking one or two 
trial values for D, the height of the blades is found to be 22*07 ins. 
and D = 111 *89 ins. 

This blade height is too large for a drum only 89*82 ins. in 
diameter, as the usual limits of blade heights are from 3 per cent, to 
15 per cent, of the drum diameter. It may, however, be used for 
obtaining the common ratio, and the length of a few intermediate 
groups of blades may be thus determined. 


^ " /22-07 

Common ratio = 


1*491 


The heights of the blades in the five expansions will thus be 4*46 ; 
6*65; 9*92 ; 14*7 and 22*07 ins. 
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Low-Pressure Turbine. 





j Volume per pountl. 


rieigbt of blades, h. 

No. of 

Absolute 
pressure at 

l )rynes8 of 
steam at 






expaii- 



Mean diameter 


By using 
actual 
volume. 

Sion. 

beginning. 

begin 111 ng. 

Dry steam. 

Actual 

volume. 

of blades. 

By common 
factor. 






inches. 



1 


04J4 

26-27 

' 24-7 

94*28 

4*46 

4*46 

2 

9-0 

0-03 

42-3G 

39-4 

96-47 

6*65 

6*80 

8 

5-4 

0-92 

68-31 

62-9 

99*74 

9-92 

10*15 

4 

3*2 

0-91 

111-4 

09-0 

99*74 

[9*92] 

— 

ry 

1-8 

0-90 

191-3 

172*0 

99-74 

[9-92] 

— 


The heights of the last two rows of blades are too high for the 
diameter of the rotor and cannot be used. This difficulty may be 
overcome by again increasing the diameter of the drum or .by in- 
crciasing the discharge angle of the blades. Both methods give in- 
creased az'ea for the passage of the steam with a reduced blade height. 
Increasing- the diameter adds to the weight and cost, and increases the 
stress in the material. In this case the last three rows of blades will 
all be made the same height, namely 9*92 ins. The above Table gives 
the mean diameter and height of blades. Assume the outlet angle of 
the fourth expansion to be instead of 20"^. Neglecting the thick- 
ness of the blades, the annulus factor is = aITa* Allowing for 

the blade thickness, axial clearance and radial clearance, the factor 
may be assumed to be Q.^'g* ^11^^ steam velocity may be obtained 


from the following formula : — 

V 



where 0 is the annulus factor and n the total volume of steam passing 
through at this point. 

1 X m X 99 X 12 X 12 




0-48 X ^ X 9974 X 9-92 


= 414 feet per second. 


Similarly, by assuming the last expansion to have an outlet angla of 
42'^, the velocity of the steam entering the last expansion may be 

obtained. Sin 42° = 072. Assume annulus factor = 


V 


s 


1 172 X 12 X 

0-66 X 'tt X 99-7rx y -92 


= 523 feet per second 


The ratio is reduced in the last two expansions by this method. 

A high outlet velocity means a considerable waste of kinetic energy, 
and the outlet angles for the last two expansions are so chosen as to 
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make the final velocity of the steam not more than 900 ft. per second. 
In the present case the outlet velocity is 900 ft. per second. 

Fig. 466 shows the steam and blade velocities throughout the low- 
pressure turbine. 



The rows of blades in the last expansion are called wing blades, and 
the rows of blades in the fourth expansion are called semi-wing blades. 

Number of Stages. — The number of stages in the low-pressure 
turbine may be obtained as in the h.p. turbine, by drawing the 
velocity diagrams and finding the geometrical mean of the velocity 
of the steam entering and "leaving on expansion. The work done 
per, stage can then be calculated and the number of stages obtained 

as before. 

For the first expansion the mean velocity 
is ^558 X 350 = 442 ft. per second. 

The relative velocity is obtained from 
the velocity diagram (Fig. 467), and is 
Fig 467. 31 4 ft. per second. 

Work done per row = b x b x T ^ “ ^ B.Th.U. 



The work to be done per expansion = 


= 20 9 B.Th.U. 


0 



THE STEAM TURBINE. 


437 


Assuming that the blade eificiency is 80 per cent., the number of 

i 20-0 

“■'«““rx-i.93xo® ='”****“■ 

By similai' calculations the velocities are obtained and the number 
of stages calculated for each expansion. These are given in the 
following table : 


Low-Pressure Turbine. 


No. of 
expansion. 

Average 

velocity. 

Heat drop per 
stage. 

No. of stages. 

By calculation. | 

Adopted. 

1 

442 

3-86 

6-77 

7 

2 

452 

4-014 

G-57 

6 

3 

464 

4-298 

607 

6 

4 

546 

5-190 

5*03 

5 

5 

686 

6-710 

3-89 

4 


Example of Blading Design. Curtis Type Turbine. 

1.^0 determine the blade angles of a two-pressure stage Curtis turbine 
compounded for velocity : Assume the horse-power to bo 2000 ; initial 
pressure of steam to be 165 lbs. per square inch and superheated 100° E.; 
linal pressure 1*5 lbs. per square inch. 

First Stage. — Let the steam expand to 15 lbs. in the first pressure 
stage. The Mollier diagram may be used for determining the quantity 
of heat converted into kinetic energy and the corresponding dryness of 
the .steam after expansion. 

The pressure at the throat of the nozzle is 0*58 x 165 = 95*7 lbs. 

Helect A on the Mollier diagram, Fig. 468, having a pressure of 
I Go lbs. and 100° F. superheat; total heat 1251 B.Th.XJ. 

Draw a vertical line AB representing the adiabatic expansion of the 
st(iaui in the nozzJe to 15 lbs. There is a slight loss of kinetic energy 
in the nozzle due to friction and eddies, which is returned to tlie steam 
as boat, so that the actual heat change will be less than AB. Assume 
a,u officiency of 92 per cent, for the nozzle and make AC 92 per cent, 
of AB. Draw CD at constant total heat to meet the constant pressure 
lino through B. Then D is the condition of the steam at tlie end of 
the expansion in the nozzle, before entering the moving blades. There 
i.s practically no energy loss in the converging part of the nozzle, so that 
Al^ will represent the condition of the steam during expansion to the 
throat and ED the approximate condition of the steam during expan- 
sion in the diverging part of the nozzle. The point E is fixed by 
noting that the pressure at the throat = 0*58 of the initial pressure 

= 0-58 X 165 = 95*7 lbs. 
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Velocity of the Steam.-The velocity of the steam at the point D is 

obtained from the formula 

V = 224\^B.Th.TJ. 

From the Mollier diagram the 

B.Th.U. = X ^ X 186 = 171 B.Th. . 

V = 224a/ 171 = 2930 ft. per second. 






Entropy. 

Fio. 468. 

The maximum efficiency is obtained, in a single 'wheel impulse 
turbine, when the velocity of the wheel is nearly O o the stcani 
velocity. The velocity adopted in practice is much lower than tliis. 
Assuming a ratio of 0-35, the velocity of the wheel would he 
2930 X 0*35 = 1026 ft. per second. By using two sets ot moving 
blades the velocity is taken out of the steam in two steps, and the 
blade velocity may then be 1026 X 5 = 513 feet per second. Ly using 
three sets of moving blades the peripheral velocity may be still further 

reduced: and so on. , i„„ 

Assume a blade speed of 500 ft. per second and that the nozzles 
are inclined to the plane of the wheel at an angle of 20 . Draw the 

velocity diagram (Fig. 469). , , r't i 

AB = 2930 ft. per second ; BC = 500 ft. per second ; AO — 
tive velocity of steam = 2460 ft. per second by measurement. The 
loss of velocity in the moving blades varies considerably, but taking 
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the loss at lO per cent., CD = ^ X AC = 2214 ft. per second. 
Make DE = 500 ft. per second ; then EC is the absolute velocity of 
the steam leaving the moving blades ; EC = 1770 ft. per second by 
measurement. 

Similarly, assuming a loss of 10 per cent, of velocity in the stationary 
blades, and remaining moving blades, the remaining velocity triangles 


A 



500 

Fig. 469. 


aj'e drawn. The final absolute velocity of the steam leaving the wheel 
is EG = 785 ft. per second. For accurate results the velocity loss 
should be carefully obtained from actual experiments. 

Efficiency. — The loss of kinetic energy by friction and eddies re- 
appears as heat in the steam. The loss of energy in the first row of 
moving blades, or the heat increase 


(2460)- - (2214)“ 

2~x g X 778 


22-9 B.Th.U. 


Energy loss or heat increase in guide blades 
(1770f - (15937 n.c 
~ 2 X </ X 778 “ 


11-8 B.Th.U. 
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Energy loss or heat increase in second row of moving blades 
(1185)= - (1066/ 

- 2 xgx 778 = ® ^ 

Loss by energy left in steam as final velocity 
( 785)2 


= 12*3 B.Th.U. 

= 22-9 + 11*8 H 
= 52*3 B.Th.U. 


2 X g X 778 

Total loss of energy to steam = 22*9 + 11*8 + .+ 12*3. 

.*. heat converted into work = 171 — 52*3 = 118*7 B.Th.U. 


The heat available for conversion into work if adiabatic expansion 
had taken place = 186 B.Th.U. 

Therefore efficiency of the stage (nozzles and vanes) 

118*7 

= -Y g0 X 100 = 63*8 per cent. 

The angles of the vanes may be obtained from the velocity diagram 
by measurement, and are as shown in Eig. 469. 



Second Stage. — The total heat available in the steam enterino* the 
second stage, is 1251 - 171 _+ 52-3 = 1132-3 B.Th.U. The pressure 
IS 15 lbs., and from the Mol Her chart the dryness is 0*981. 
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The velocity diagram for the second stage may be drawn in a similar 
manner and the angles of the vanes obtained. 

On the Mollier chart (Eig. 468) produce BD to F, where F represents 
the total heat and given dryness. FG represents adiabatic expansion 
in the second set of nozzles to 1*5 lbs. Assuming the nozzle 
efficiency as 92 per cent. ; FH = 0*92 x FG. Draw HM at constant 
total heat to meet the constant pressure line through G. Then FKM 
represents approximately the state of the steam during expansion in 
the nozzles. The point K is obtained in a similar manner to the point 
E by assuming no loss in the converging part of the nozzle. 

By measuring the Mollier chart FG = 147 B.Th.U. : FH = 135 
B..Th.TJ __ 

V = 224^135 = 2600 ft. per second. 

Draw the velocity diagram as before (Pig. 470). The velocities are 
as follows : AB = 2600 ; BO = 500 ; AO = 2135 ; CD = 1922 ; 
CE = 1490 ; EG = 1341 ; EF = 960 ; FH = 864 ; FK = 665 ; 
FIK = 500. 

Efficiency. — The heat increase due to loss of energy in the first row 
of blades 

_ (213 5 )^^( 1922)^ 

2g X 778 
= .17*3 B.Th.U. 


Similarly heat increase in guide blades 

(149Qy-(134iy 
“ 2g X 778 “ ® ^ B.Th.U. 

Similarly heat increase in last row of moving blades 
_ (960)" ~ (864)- 


2g X 778 


= 3*4B.Th.U. 


Loss by energy left in steam as final velocity 

- 5^8 = 

The heat increase due to eddies and friction in the second stage 
= 17*3 + 8*4 + 3*4 + 8*8 = 37*9 B.Th.U 


Heat converted into work in second stage 

= 135 ~ 37-9 = 97*1 B.Th.U. 


The heat available for conversion into work in second stage if 
adiabatic expansion had taken place =147 B.Th.U. 

Therefore efficiency of the second stage (nozzle and vanes) 

97-1 

— __ 100 = 66 per cent. 

The heat available for conversion into work if the expansion had 
been adiabatic is 1251 931 = 320 B.Th.U. 
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Tlie combined efficiency 


11 8-7 + 97*1 
* '320 


X 100 


= 67*4 per cent. 

Velocity Diagram. Second Method.— Fig. 471 shows another 
method of drawing the velocity diagram for the first stage. 



AB is the nozzle velocity ; AC the relative velocity ; CD the velocity 
leaving the first row. of moving blades. 

The total change of velocity parallel to the wheel in the first row of 
blades is GH = 4275 ft. per second. 

The total change of velocity parallel to the wheel in the second 
row is JK = 1670 ft. per second. 

The total change of velocity effected in this stage is 5945 ft. per ' 
second. 

The w’ork done per pound of steam is the change of momentum 
multiplied by the velocity of the wheel, or 


5945 ^ 500 

-F 7T8 


118*7 B.Th.XJ. 


The energy available = 186. 

Therefore efficiency of wheel and nozzle 

1 18*7 

= X 100 = 63*8 per cent. 


which is the same result as previously obtained. 

This method may be similarly u^ed for the second stage. 

Condensation in the Turbine. — During the passage of the steam 
through the turbine the temperature of the steam falls from the high- 
pressure to the low-pressure end of the turbine, and so long as the load 
is constant this range of temperature is constant. The walls of the 
stator and rotor portions of the turbine take up more or less the 
temperature of the steam in immediate contact with them, and con- 
densation due to flow of heat from the steam to the surrounding walls 
is reduced to a minimum. Hence that most serious cause of loss in 
the reciprocating engine, namely, condensation due to alternate heat- 
ing and cooling of the cylinder walls during the admission and exhaust 
strokes, is absent in the steam turbine. 
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There is a tendency to flow of heat by conduction from the hotter 
end of the turbine to the cooler end, tending to produce a small 
condensation effect at the hot end, and a drying effect at the exhaust 
end of the turbine. 

Friction. — The friction in the steam turbine is not that of rubbing 
metal surfaces, as in the reciprocating engine, the only rubbing surfaces 
being the main bearings. In the turbine the friction is rather that 
between the rotating parts and the steam, the friction due to conflicting 
steam currents in their passage through the turbine, and the friction 



caused by the presence of water in the steam, which, when the propor- 
ti6n of water is large, may become very great. 

The presence of water in the steam from an ordinary steam-boiler 
is unavoidable, and the steam delivered (not passing through a super- 
heater) will contain at least from 2 to 5 per cent, of moisture. But 
in addition to its initial wetness, the steam will develop a degree 
of wetness due to the heat absorbed in giving velocity to its mass, the 
extent of the wetness being exactly the same as would result from 
work done during adiabatic expansion of the steam behind a pi-ston in 
a reciprocating engine. 

Superheating the steam produces a marked improvement in the 
steam turbine, the steam-consumption being reduced about 1 per 
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cent, for every 10° Fahr. of superheat, and the increased efficiency is 
attributed chiefly to reduced loss by friction. 

On the other hand, if the turbine is supplied with excessively wet 
steam, as from a priming boiler, the effect upon the turbine is to slow 
it down, owdng to the excessive friction set up between the water and 
the rotating parts. 

It is true that the friction is transformed into heat, but little useful 
effect is obtained from the heat so generated. 

Vacuum. — There is a theoretical advantage in all heat engines in 
reducing the lower limit of temperature to the lowest possible point, 
but the advantage is more fully realized in the turbine than in the 
reciprocating engine. In the reciprocating engine there is, first, the 
practical difficulty that the gain obtained by reducing the condenser 
pressure and temperature is to some extent neutralized by the 
increased cylinder condensation, due to the reduced temperature of the 
exhaust ; secondly, owing to the greatly increased volume of the steam 
at the lower pressure, it is not practicable to make the low-pressure 
cylinder large enough to take full advantage of the expanding steam ; 
and, thirdly, there is generally a considerable difference between the 
vacuum in the condenser and the mean vacuum at the back of the low- 
pressure piston, especially at full power. 

In the case of the turbine, condensation effects of the kind above 
mentioned are absent, and the steam may be expanded down to the 
pressure in the condenser ; it is therefore possible to take full advan- 
tage of the lowest limits of temperature and pressure in the condenser. 
Each additional inch of vacuum between 23 ins. and 28 ins. appears 
to reduce the steam consumption of the turbine on an average from 
3 to 4 per cent. 

It is possible to avoid air leaks to the condenser more easily in the 
turbine than in the reciprocating engine, because the only glands fco 
leak air are those where the main shaft passes out through the turbine- 
case, and these glands are steam-packed, which is a very effectual 
means of excluding air. 

In order to secure and maintain a high degree of vacuum, it is, of 
course, necessary to have ample condenser cooling surface, a large 
supply of circulating water, and efficient air-pumps, as well as short 
passages and ample dimensions of the exhaust pipe. In the most 
recent condensers for turbines, from 10 to 12 lbs. of steam are con- 
densed per hour per square foot of cooling surface, with a vacuum of 
27^ to 28 ins. at full load. 

The amount of circulating water required is about fifty times the 
weight of steam, as against thirty times the weight of steam for ordinary 
condenser practice. For this additional cooling water an addition of 
I in. to 1 in. of vacuum is obtained, or a gain of from 3 to 4 per cent. 

For the purpose of more thoroughly extracting the air, a ‘‘vacuum 
augmenter” (Fig. 473) has recently been introduced by Messrs. 
Parsons. From the bottom of the condenser a pipe is led away to 
an auxiliary condenser, containing about the cooling surface of the 
main condenser, and in a contracted portion of this pipe a small 
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steam jet is placed, which acts as an ejector, and extracts nearly all 
the residual air and vapour from the condenser and delivers it to the 
air-pumps. A water seal is provided, which prevents the air and 
vapour returning to the condenser. The steam used by the auxiliary 
jet is said to be about 1^ por cent, of the full-load steam consumption.^ 
The air and vapour in the augmenter condenser being denser than 
that in the main condenser, the air-pump need not be so large as would 
otherwise be necessary. In this connection it may be noted that the 



volume of a given weight of air at 1 lb. pressure absolute is double that 
at 2 lbs. pressure absolute. 

Recent Development in Surface Condenser Practice. — As soon as 
it was fully realized how important was the influence of improved 
vacuum in steam turbine practice, much more attention was given to 
the study of the design of condensers, with a view to improving their 
efficiency. 

If the steam exhausting into a surface condenser consisted of pure 
steam only, there would be no need of an air pump, but in practice ^ 
more or less air is always present in the exhaust steam, partly due to 
air dissolved in the feed water, and partly to leakage of air into that 
part of the plant which is below atmospheric pressure. 

The weight of air passing into the condenser with the steam is 
more or less constant under constant conditions, but in surface con- 
densers the ratio of air to steam in the condenser during the process 
of condensation varies greatly between the point of entry to the con- 
denser and the point of leaving it to enter the air-pump barrel. 

^ B( 3 e a paper by Hod. 0. A. Parsons, G. Stoney, and C. P. Martin, Inst, of Elect. 
Eiigiucers, May 12, 1901. 
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At the exhaust steam inlet the ratio of air to steam is very small, 
but this ratio increases rapidly as the steam condenses, until finally the 
proportion of air by weight is considerable. 

Partial Pressures. — The pressure in the condenser indicated by the 
vacuum gauge is made up of the sum of the “ partial ” pressures of 
the air and the vapour present in the condenser. The “partial” 
pressure of the air, and the “ partial ” pressure of the vapour depend 
upon quite independent laws, and are determined from the known 
data, always remembering that “ the pressure of the mixture of a gas 
and a vapour is equal to the sum of the pressures which each would 
possess if it occupied the same space alone.” 

The pressure due to water vapour in an enclosed space at a given 
temperature is obtained by reference to the Steam Tables. 

The pressure is expressed in inches of mercury. 

Note : 1 inch of mercury = 0*491 lb. per square inch pressure. 

The relation of pressure, volume and temperature of air is expressed 
(see p. 8) by the formula 

PY = RT 


where P = pressure per square foot ; V = volume per lb. of air in 
cubic feet ; T = absolute temperature Fahrenheit ; and R = a constant 
= 53*2 

_ RT 
or P = 


Example 1. — We have in the lower portion of a condenser a mixture 
of air and steam at a temperature of 105° F. and a pressure of 
26 inches by the vacuum gauge, or 4 inches of mercury : find the 
“partial ” pressures of the air and steam present in the condenser. 

From the Steam Tables (Table IV.) the pressure of saturated vsteam 
at 105° F. is 1*098 lbs. per square inch absolute, and this is the partial 
pressure due to the steam. But the total pressure of steam and air 
is 4 inches of mercury, that is 4 x 0*491 = 1*964 lbs. pressure per 
square inch absolute, therefore the partial pressure of the air = 1*964 
— 1*098 = 0*866 lb. per square inch. The partial pressure of the 
steam is therefore 1*098 lbs. per squai’e inch, and the partial pressure 
of the air is 0*866 lb. per square inch. 

Example 2. — To find from the data given in Example 1 the volume 
in cubic feet per lb. of air present in the condenser when the pressure 
of the air is 0*866 lb. per square inch, and its temperature is 105° F". 

PY = 53*2 T 

_ 53*2 X (461 + 105) 

0*866 X 144 
= 240 cubic feet per lb. 

Improvements. — Among the various improvements that have taken 
place in the design of condensers are the following 

(1) Arrangements for the easiest possible direct passage of the 
exhaust steam to the condenser tube surface. 

(2) ^ The shaping of the condenser so as to present a gradually 
reducing sectional area from the exhaust inlet to the air-pump suction. 
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(3) The provisioa of tubeless spaces at points in the path of flow, 
where a change or reversal of direction of flow occurs. 

(4) The provision of a cooling chamber in the base of the condenser 
to regulate the temperature of the gases passing to the air pump. 



The efficiency of the air pump increases as the density of the gases 
admitted to it increases, and this density depends upon the cooling 
efliciency of the condenser. It is also important that the water of 
condensation supplied to the air pump should be reduced to a tern- 
perjiture below that of its boiling-point under the conditions of the 
vacuum attained in the air-pump barrel, otherwise on the vacuum 
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stroke of the air-pump piston the water would boil and the barrel be 
filled with vapour, when the pump v\^ould cease to act any longoi* as an 
air pump. 

It must be further remembered that the efficiency of the plant as a 
v/hole requires that the heat in the condensed steam six on hi Ixe con- 
served in every possible way in order to return it as boiler feed at the 
highest possible temperature. 

In order to deal with the opposing principles of a hot boiler feed 
on the one hand, and a high air-pump efficiency on the other, sepax*ato 
air pumps are sometimes fitted, one dealing with the afr and vapour 
at a low temperature, called the ‘'dry-air pump,” and the other deal- 
ing with the water at a higher temperature called the “ wet-air pump.” 


SUCTIOM 


Fig. 475. 

To the dry-air pump a cold injection is applied, thereby increasing the 
density of the air and enabling the pump to withdraw a greater weight 
of air per stroke, or permitting a reduction of air pump dimensions. 

Fig. 474 illustrates a dual air pump made by Messrs. G-. & J. Weir, 
Ltd. A is the wet pump and B the dry pump. A single connc^ction 
C is made to the condenser. A branch pipe D is led to the suction 
side of the dry pump, connection being made in such a manner that 
the water from the condenser to the suction will all pass direct to the 
wet pump by Cj. It will be seen that there is a separate suction to 
each pump, and that the dry pump discharges through the pipe E 
against the spring-leaded valve F into the wet pump at a point below 
its head or discharge valves. The dry pump is supplied with water 
for water sealing, cooling, and vapour condensing. This water i)asses 
from the hot well of the dry pump by the pipe H to a special cooler 
through which a supply of cold water continuously circulates. 

Fig. 475 represents a section of the “ Contraflo ” condenser. This 
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condenser is fitted with a two-way cock and pipe at its base, by means 
of which the water of condensation can be passed direct to the air 
pump, or, where it is too hot to be effectively dealt with by the air 
pump, it can be by-passed through a cooler or water-pocket at the 
bottom of the condenser and afterwards admitted to the air pump. 

Jet Condensers. — In the case of a jet condenser plant the work of 
the air pump is greatly increased over that of the air pump of the sur- 
face condenser, which has to deal only with the condensed steam and 
the air present chiefly due to leakage. 

The air pump of the jet condenser has to handle, in addition to this, 
the whole body of condensing water together with the air liberated 
from that water. 

In jet condensers the minimum condenser pressure is obtained under 
conditions which limit the supply of condensing water. The limiting 
point being when further increase in weight of condensing water, 
though reducing the pressure due to the steam, increases by a more 
than corresponding amount the pressure due to excess air brought in 
with the condensing water. 

Vibration in the turbine is practically eliminated, as there are no 
unbalanced parts. This removes the necessity for massive and costly 
foundations. 

The even turning moment on the spindle is a further important 
quality of the turbine. 

Lubrication. — As there are no internal rubbing parts, no internal 
lubrication is required, hence the steam exhausted from the turbine to 
the condenser is entirely free from oil, and the feed water supplied to 
the boilers is pure distilled water. 

Horse-power of Turbines. — It is not possible to directly measure 
the indicated horse-power of the turbine, but the brake horse-power 
or the electrical horse-power of a turbo-electric set may be measui'ed 
directly. Correcting the electrical horse-power for the efficiency of 
the dynamo, we then have the brake horse-power of the turbine alone. 

In reciprocating engines, the mean ratio of I.H.P. to B.H.P. is 
taken as 1 : 0-86. If, then, for the purpose of comparison, the B.H.P. 
of the turbine be divided by O’ 86, we obtain what is called the 
“ hypothetical equivalent indicated horse-power ” of the turbine. 
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APPENDIX 

I. 

RIPPER’S MEAN-PRESSURE INDICATOR. 

The object of the mean-pressure indicator here described (Fig. 476 ), is to 
obtain from pressure-gauges a continuous reading of the mean elfective pressure 
in an engine cylinder. 

The instrument consists of a valve-box containing two valves, and by the 
automatic action of the valves, the driving or impelling steam is made to 
act continuously on one gauge, called the forward-pressure gauge; while the 
back-pressure steam acts continuously upon another gauge, called the back- 
pressure gauge. The difference between the readings of the two gauges gives, 
for ordinary cases, a close approximation to the effective pressure acting on the 
piston as given by an ordinary indicator. 

The action of the valves is as follows : — One of the valves, B, is a ball valve, 
and the other, E, is a double-seated valve. Suppose, in a vertical engine, the 
driving-steam is on the upper side of the engine piston, pressing it downwards. 
Then the driving-steam enters also tlie upper part of the instrument at H, and 
presses down both the little valves upon their respective seats. This action 
puts the driving-steam into communication with the forward-pressure gauge ; 
and puts the back-pressure steam, which is below the valves, into communication 
with the back-pressure gauge, owing to the double-beat valve E being now open 
at the bottom side of the valve. 

On the return stroke of the piston, the driving-steam enters the instrument at 
C, and the valves B and E of the instrument are automatically reversed, and 
again the driving-pressure steam acts upon the forward-pressure gauge, and the 
back-pressure steam upon the back-pressure gauge. In this way there is a 
continuous reading of the forward and back pressures on the respective gauges. 

There is a cock, A (and D), at the instrument end of the gauge-syphon for 
rough adjustment, and a cock F (and G) close to the gauge for fine adjustment. 
By the use of two cocks, the gauge-finger is maintained steady, and the gauge- 
pipe is kept full of water. 

The mean-pressure obtained from the gauges is the mean-pressure on a time 
base. This differs somewhat from the mean-pressure on a distance-base, as given 
by the ordinary indicator, because the motion of the piston is harmonic, and not 
uniform throughout the stroke. 

In many cases the difference between the two kinds of mean-pressures is very 
small. In some cases, however, where there is a large expansion in one 
cylinder, the difference is greater ; also in the case where the back pressure at 
compression is greater than the forward pressure ; the valves of the instrument 
reverse too early. But for all cases, in any given engine, there is a definite ratio 
between the reading of the gauges and the mean- pressure by an ordinary 
indicator which can be determined once for all by actual trial, or by measurement 
from the diagrams ; and in practice the gauges are in the first instance 
standardized against a good standard indicator of the ordinary type, at light 
medium and heavy loads, and the gauges graduated accordingly. 
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II. 


SATURATED.STEA.M TABLES. 


Absolute pressure, 
pounds per sq. inch. 

Temperature of 
boiling-point, 
degrees F. 

Heat of the liquid 
from 32° F. 

Total heat from 

32° F. 

Latent heat. 

Heat to overcome 
internal resistance. 

Heat to overcome 
external resistance. 

Thermal units 
actually contained in 
the steam above 32° F. 

Weight of a cub. ft. 
in pounds. 

1 

Cub. ft. per pound. | 

P 

t 

h 

H 

L 


E 

I = H - E 

w 

V 

10 

102*0 

70-0 

1113*1 

1043*0 

981*1 

61-9 

1051-2 

0-00299 

334-6 

20 1 

126*3 

94*4 

1120-5 

1026*1 

961-9 

6'l-2 

1056-3 

0*00576 

173*6 

• 3*0 

141-6 

109*8 

1125*1 

1015*3 

949-5 

65*8 

1059*3 

0-00844 

118-4 

4-0 

153 1 

121-4 

1128-6 

1007*2 

940-4 

66-8 

1061-8 

0-01107 

90-31 

5-0 

162*3 

130-7 

1131-5 

1000-8 

933*1 

67-7 

1063-8 

0-01366 

73*22 

6*0 

170*1 

138-6 

1133-8 

995*2 

926*7 

68*5 

1065‘3 

0-01622 

61*67 

70 

176-9 

145*4 

1135*9 

990-5 

921-4 

69*1 

1066-8 

0*01874 

53-37 

8-0 

182*9 

151*5 

1137*7 

986-2 

916-5 

69*7 

1068-0 

0 02112 

47-07 

9-0 

! 188*3 

156-9 

1139*4 

982*5 

912*4 

70*1 

1069-3 

0-02374 

42*13 

10*0 

193*2 

161*9 

1140*9 

979*0 

908*4 

70-6 

1070*3 

0*02621 

38-16 

no 

197-8 

166-5 

1142*3 

975-8 

904*8 

71*0 

1071-3 

0*02866 

34-88 

12-0 

202*0 

170*7 

1143*6 

972-9 

901*5 

71*4 

1072*2 

0-03111 

32*14 

13-() 

205-9 

174*6 

1144*7 

970-1 

898*4 

71*7 

1073*0 

0-03355 

29-82 

14-0 

209-6 

178*3 

1145*8 

967*5 

895-5 

72-0 

1073*8 

0*03600 

27*79 

14*7 

212-0 

180*7 

1146-6 

965*8 

893*5 

72*3 

1074-2 

0*03758 

26*64 

15-0 

213-0 

181-8 

1146-9 

965*1 

892*6 

72*5 

1074-4 

0-03826 

26*15 

160 

216*3 

185*1 

1147-9 

962*8 

890*0 

72-8 

1075-1 

0-04067 

24-59 

17*0 

219-4 

188-3 

1148-9 

960-6 

887*6 

73-0 

1075*9 

0 04307 

23-22 

18-0 

222*4 

191*3 

1149-8 

958*5 

885*3 

73*2 

1076-6 

0-04547 

22*00 

190 

225*2 

194*1 

1150-7 

956*6 

883*2 

73*4 

1077-3 

0*04786 

20-90 

20-0 

227*9 

196*9 

1151*5 

954*6 

881-0 

73-6 

1077-9 

0-05023 

19-91 

210 

230-5 

199*5 

1152-3 

952*8 

879-0 

73-8 

1078-5 

0*05259 

19*01 

22-0 

233*1 

202*0 

1153-0 

951*0 

877-0 

74-0 

1079-0 

0*05495 

18*20 

23-0 

235*5 

204*5 

1153-7 

949*2 

875-0 

74-2 

1079-5 

0-05731 

17-45 

24-0 

237-8 

206*8 

1154-4 

947*6 

873-2 

74-4 

1080-0 

0*05966 

16*76 

25-0 

240*0 

209*1 

1155-1 

916-0 

871*5 

74*5 

1080-6 

0-06199 

16*13 

26-0 

242-2 

211*2 

1155-8 

944-6 

869-9 

74-7 

1081-1 

0*06432 

15*55 

27-0 

244*3 

213*4 

1156-5 

943-1 

868-2 

74-9 

1081-6 

0*06666 

15*00 


^ The above steam data are for the most part taken from Prof. Peabody’s 
valuable “ Saturated Steam Tables,” by kind permission of the author and pub- 
lishers (Messrs. John Wiley and Sons, New York), and the same values are used 
throughout the text. 
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Absolute pressure, 
pounds per sq. inch. 

Temperature of 
boiling-x)oint, 
degrees F. 

( 

1 

Heat of the liquid 1 
from 32° F. 

_i 

Total heat from 

32° F. 

Latent heat. 

Heat to overcome 
internal resistance. 

Heat to overcome 
external resistance. 

Thermal units 
actually contained in 
the steam above 32° F. 

Weight of a cut), ft. 1 
in pounds. j 

Cub. ft. per pound. 


t 

h 

H 

L 

p 

E 

1 = H - E 


V 

28-0 

246*4 

215*4 

1157*1 

941*7 

866*7 

75*0 

1082-1 

0 - 06 S 99 

14-19 

29-0 

248*3 

217*4 

1157*7 

940*3 

865-1 

75*2 

1082*5 

0 - 07 i :-io 

14*03 

30-0 

250*3 

219 - 4 : 

1158-3 

938*9 

863*6 

75*3 

1083*0 

0-07300 

13-59 

310 

252*1 

221*3 

1158*8 

937*5 

862*0 

75*5 

1083*3 

0*07590 

13-18 

32-0 

254*0 

223*1 

1159*4 

936*3 

860*7 

75*6 

1083*8 

0-07821 

12*78 

33-0 

255*8 

224*9 

1159-9 

935*0 

859*2 

75*8 

1084*1 

0*08051 

12*41 

34-0 

257*5 

226*7 

1160*4 

933*7 

857*8 

75*9 

1084-5 

. 0*08280 

12*07 

35-0 

259*2 

228*4 

1161*0 

932*6 

856*6 

76*0 

1085*0 

0-08508 

1 1*75 

40-0 

267*1 

236*4 

1163*4 

927*0 

850*3 

76*7 

1086*7 

0 - 09 ( M 4 

10*37 

45-0 

274*3 

213*6 

1165-6 

922*0 

844*8 

77*2 

1088*4 

0*1077 

9 * 2 S 7 

50-0 

280*8 

250*2 

1167*6 

917*4 

839*7 

77*7 

1089*9 

0 - 11 HS 

S *414 

55-0 

286*9 

256*3 

1169*4 

913*1 

834*9 

78-2 

1091*2 

0*1299 

7*696 

60*0 

292*5 

261*9 

1171*2 

909*3 

830-7 

78*6 

1092*6 

0*1409 

7*096 

65-0 

297*8 

267*2 

1 172*7 

905*5 

8 * 26*5 

79*0 

1093*7 

0-1510 

6*583 

70-0 

302*7 

272*2 

11743 

902*1 

822*7 

79*4 

1094*9 

0 - 1 C 28 

( i - l -14 

75-0 

307*4 

276*9 

1175*7 

898*8 

819*1 

79*7 

1096*0 

0 17 Hr > 

5*762 

80-0 

311*8 

281*4 

1177*0 

895*6 

815*5 

80*1 

1096*9 

0*1843 

5.-125 

85-0 

316*0 

285*8 

1178*3 

892*5 

812*1 

80*4 

1097*9 

0-1951 

5*125 

90-0 

320*0 

290*0 

1179*6 

889*6 

808*9 

80*7 

1098*9 

0*2058 

4*858 

95-0 

323*9 

294*0 

1180-7 

886*7 

805*8 

80*9 

1099*8 

0*2105 

4*619 

100*0 

327*6 

297*9 

1181 9 

884*0 

802*8 

81-2 

1100-7 

0*2271 

4*403 

105*0 

331*1 

301*6 

1182-9 

881-3 

799*9 

81*4 

1101*5 

0*2378 

4*206 

110-0 

334*6 

305-2 

1184*0 

878-8 

7971 

81*7 

1102*3 

0 - 248-1 

4*026 

115*0 

337*9 

308*7 

1185*0 

876-3 

791*4 

81*9 

1103*1 

0*2589 

3*862 

120*0 

341*0 

312-0 

1186*0 

874*0 

791*9 

82*1 

1103-9 

0-2005 

3*711 

125*0 

314*1 

315*2 

1186*9 

871*7 

^ 9*4 

82*3 

1104*6 

0*2800 

3*572 

130*0 

347*1 

318*4 

1187*8 

869*4 

786*9 

82*5 

1105*3 

0*2904 

3*444 

135*0 

350*0 

321*4 

1188 * 7 - 

867*3 

784*7 

82*6 

1106*1 

0*3009 

3*323 

140*0 

352*8 

324*4 

1189*5 

865*1 

782*3 

82*8 

1106*7 

0*3113 

3*212 

145*0 

355*6 

327*2 

1190*4 

863*2 

780*2 

83*0 

1107*4 

0*3218 

3*107 

150*0 

358*3 

330*0 

11912 

861*2 

778*1 

83*1 

1108*1 

0*3321 

i 3*011 

155*0 

360*9 

332*7 

1192*0 

859*3 

776*0 

83*3 

1108*7 

0*3420 

2*919 

160*0 

363*4 

335*4 

1192*8 

857*4 

774*0 

83*4 

1109*4 

0*3530 

2*833 

165*0 1 

365*9 

338*0 

1193*6 

855*6 

772*0 

83*6 

1110*0 

0*3635 

2*751 

170*0 

368*3 

340*5 

1194*3 

853*8 

770*1 

83*7 

1110*6 

0*3737 

2*676 

175*0 

370*6 

343*0 

1195*0 

852*0 

768*2 

83*8 

1111*2 

0*3841 

2*603 

180*0 

373*0 

345*4 

11957 

850*3 

766*4 

83*9 

1111*8 

0*3945 

2*535 

185*0 

375*23 

347*8 

1196*4 

848*6 

761*6 

84*0 

1112*4 

0*4049 

2*470 

190*0 

377*4 

350*1 

1197*1 

847*0 

762*9 

84*1 

1113*0 

0*4153 

2*408 

195*0 

379*6 

352*4 

! 1197*7 

845*3 

761*1 

84*2 

1113 5 

0*4257 

2*349 

200*0 

381*7 

354*6 

j 1198*4 

843*8 

759*5 

84*3 

1114*1 

0*4359 

2*294 

250*0 

401*0 

374*7 

1204*2 

829*5 

744*5 

85*0 

1119*2 

0*5393 : 

1*851 

300*0 

417*4 

391*9 

; 1209*3 

817*4 

732*0 

85*4 

1123*9 1 

0*6440 

1*554 

400*0 

444*9 

419*8 

' 1217*7 

797*9 

712*3 

86*2 

1131*5 

0*8572 

1*167 
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III. 

SATURATED -STEA.M TABLES. 

Prom Prof. Peabody's Steam Tables (New Edition). 


Temperature of boil- 
iug-point, degrees F. 

Absolute pressure, 
pounds per sq. inch. 

Heat of tbe liquid 
from 3‘2^ F. 

Total beat from 

32^ F. 

Latent beat. 

Heat to overcome 
internal resistance. 

Heat to overcome 
external resistance. 

t? 00 

O *0 

Cub. ft. per pound. 

ir 

P 

h 1 

H 

L 

P 

E 

to 

V 

32 

O - 0 SS 6 

6-0 

1071-7 

1071-7 

1017-5 

54-2 

0-000302 

3308 

40 

0-1217 

8-1 

1075-7 

1067-6 

1012-5 

55-1 

0 000409 

2446 

50 

0-1780 

18-1 

1080-4 

1062-3 

1006-2 

56-1 

0-000587 

1703 

60 

0-2561 

28-1 

1085-1 

1057-0 

999-8 

57-2 

0-000828 

1207 

70 

0-3627 

38 T 

1089-9 

1051-8 

993-6 

58-2 

0-001152 

868 

80 

0-5056 

48-1 

1094-6 

1046-5 

987*2 

59-3 

0-001577 

634 

90 

0-6060 

5 S -1 

1099-3 

10412 

980-9 

60-3 

0-002131 

469 

100 

0-9461 

68-0 

11037 

1035-7 

974-4 

61-3 

0-002851 

350 8 

110 

1-271 

78-0 

1108-1 

1030-1 

967-7 

62-4 

0-003771 

265-2 

120 

1-689 

88-0 

1112-4 

1024-4 

961-0 

63-4 

0-004926 

203-0 

130 

2-220 

98-0 

1116-7 

1018-7 

954-2 

64-5 

0-00637 

157-1 

140 

2-885 

108-0 

1121-1 

1013-1 

947-5 

65-6 

0 00814 

122-8 

150 

3-715 

118-0 

1125-2 

1007-2 

940-6 

66-6 

0-01032 

96-9 

160 

4-738 

128-0 

1129-4 

1001-4 

933-7 

67-7 

0-01296 

77-2 

170 

5-990 

138-0 

1133-5 

995-5 

926-8 

68-7 

0-01613 

62*0 

180 

7-510 

148-0 

1137-5 

989-5 1 

919-8 

69-7 1 

0-01993 

50*2 

190 

9-339 

158-1 

1141-5 

983-4 

912-7 

70-7 

0-02444 

40-92 

200 

11-528 

168-2 

1145-4 

977-2 

905-5 

71-7 

0 02974 

38-62 

210 

14-125 

178-3 

1149-2 

970-9 

898-3 

72*6 

0 03597 

27 80 

220 

17-188 

188-4 

1153-0 

964-6 

891-0 

73-6 

0-04321 

23-14 

230 

20-78 

198-5 

1156-6 

958-1 

883-6 

74-5 

0-0516 

19 37 

240 

24-97 

208-6 

1160 0 

951-4 

876-0 

75-4 

0-0613 

16-31 

250 

2982 

218-8 

1163-5 

944-7 

868-5 

76*2 

0-0724 

13-82 

260 

35-42 

229-0 

1166*8 

937-8 

860-7 

77-1 

0-0851 

11-75 

270 

41-84 

239-1 

1169-8 

930'7 

852-8 

77-9 

0-0995 

10-05 

280 

49-19 

249-4 

1173-0 

923-6 

844-9 

78-7 

0 1158 

8-639 

290 

57-53 

259-6 

1175-9 

916-3 

836-9 

79-4 

0 1341 

7-454 

300 

66-98 

269-8 

1178-7 

908-9 

828-8 

80<1 

0-1547 

6-462 

310 

77-63 

280-1 

1181-4 

901-3 

820-5 

80-8 

0-1779 

5-622 

320 

89-59 

290-4 

1184-1 

893-7 

812-3 

81-4 

0-2038 

4-907 

330 

102-98 

300-6 

1186 5 

885*9 

803-8 

82-1 

0-2319 

4-312 

340 

117-91 

310-9 

1188-9 

8780 

795-3 

82-7 

0-2642 

3-784 

350 

134-52 

321-3 

1191-3 

870-0 

786 8 

83-2 

0-2992 

3-342 

360 

152-89 

331-6 

1193-4 

861-8 

778-1 

83-7 

0-3378 

! 2-960 

370 

173-17 

341-9 

1195-4 

853-5 

769-3 

84-2 

0-3808 

1 2-626 

380 

195-52 

352-3 

1197*4 

845-1 

760-5 

84 6 

0-4275 

1 2-339 

390 

220-05 

362-7 

1199-3 

836-6 

751-6 

85 0 

0-4789 

! 2-088 

400 

246-9 

373-1 

1201-0 

827-9 

742-6 

85-3 

0-535 

, 

1-868 
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IV. 


CONDENSER TEMPERATURES AND PRESSURES. 


Temperature 
degrees F. 

Pressure 
pounds per 
sq. inch. 



Temperature 
degrees F. 

Pressure, 
pounds per 
sq. inch. 

Temperature 
degrees F: 

Pressure, 
pounds per 
sq. inch. 

Temperature 
degrees F. 

Pressure, 
pounds per 
sq. inch. . 

- 

Pm 

OJ o> 

ft 

H 

Pressure, 
pounds per 
sq. inch. 

t 

/ 

f 

1 

1 I 

t 

P 

t 

P 


P 

60 

61 

0-256 

0 265 

• 73 

0-401 

85 

0-594 

97 

0-8C4 

lOi) 

1 -235 

62 

0*275 

74 

0-415 

86 

0-613 

98 

0 891 

110 

1-271 

63 i 

0-285 

75 

0-429 

87 

0-633 

99 

0-918 

111 

1-30S 

64 1 

; 0-295 

76 

0-443 

88 

0-653 

100 

1 0-946 

112 

i-:M7 

65 ! 

0-305 

77 

0 458 

89 

0-674 

101 

0-975 

3 m 

. 1 *386 

66 1 

0-316 

78 

0-474 

90 

• 0-696 

102 

1-005 

111- 

1-426 

67 1 

0*327 

79 

0-489 

91 

0*718 

103 

1-035 

115 

1-467 

68 1 

0*339 

80 

0-506 

92 

0-741 

104 

1-066 

116 

1-509 

69 1 

0-350 

81 

0-5.22 

93 

0 764 

305 

1-098 

117 

1-552 

70 1 

0-363 

82 

0-539 

94 

0-788 

106 

1 131 

118 

1-597 

71 ' 

0-375 

83 

0-557 

95 

0-813 

107 

1-165 

119 

1-642 

72 

0-388 

84 

! 

0-575 

96 

0-838 

108 

1-200 

120 

1-689 
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V. 


TABLE OF MEAN-PEESSDEE EATIOS. 

The TTieari pressure is obtained for any given number of expansions by 
multiplying the initial absolute pressure by the factor given. Thus, for adiabatic 
expansion with a cut-off at the initial pressure = 100 lbs. absolute — 

X factor for five expansions = 100 x 0'496 
= 49 -G lbs. 


1 > 

ratio of oxpariHion. 

iU« l+byp. logr 

hyperbolic curve. 

- 17,. l_iGr il 
Pi 

saturation curve. 

P„i -1 -Ui 

- = lOr ^ -dr « 
Pi 

adiabatic curve. 

1‘0 

i-oo 

1-00 

1-00 

1*5 

0-937 

0-934 

0-931 

2*0 

0-847 

0-840 

0-834 

2-5 

0 706 

0-756 

0-748 

3 0 

0-700 

0-688 

0-678 

35 

0-644 

0-631 

0-620 

4-0 

0-597 

0-583 

0-571 

4-5 

0-556 

0-542 

0-530 

5-0 

0-522 

0-506 

0-496 

5-5 

0-492 

0-477 

0-464 

6-0 

0-465 

0-450 

0-438 

7 -() 

0-421 

0-405 

0-393 

8'0 

0-385 

0-370 

0-357 

90 

0-355 

0-340 

0-328 

10‘0 

0-330 

0-314 

0-303 

11-0 

0-309 

0-294 

0-283 

12-0 

0-290 

0-275 

0-264 

13-0 

0-274 

0-259 

0-248 

140 

0-260 

0-245 

0-234 

J 50 

0-247 

0-232 

0-221 

1(>0 

0-236 

0-221 

0-211 

170 

0-226 

0-211 

0-201 

18*0 

0-216 

0-202 

0-192 

19-0 

0-208 

0-193 

0-183 

20 -0 

0-200 

0-186 

0-177 

21-0 

0-192 

0-178 

0-169 

22-0 

0-186 

0-172 

0-163 

23*0 

0-130 

0-167 

0-158 

24-0 

0-174 

0-160 

0-151 

25-0 

0-169 

0-155 

0-146 
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TABLE OF ENTEOPy. 


Temperature 

Fahrenheit. 

i . 

Specific heat 
of water. 

c. 

Entropy of 1 lb. 
of water from 32°. 

i Entropy of 
' 1 Ib. of steam. 
L 

Entropy of 1 lb. of 
steam from 32° F. 
0 = 

(it 

32 

50 

1 

1 

0 0359 

2*2189 

2*1163 

2*2189 

2*1522 

0*00370 

60 

1 

0*0553 

2*0621 

2*1174 


70 

1*001 

0-0744 

2-0100 

2 0844 

0 00315 
0*00299 
0*00285 
0*00272 
0*00259 
0*00249 
0*00237 
0*00227 
0*00216 
0*00207 
0*00198 
0*00189 
0*00182 
0*00 1 60 
0*00129 
0-00105 
0-00085 

80 

1*001 

0-0931 

1*9598 

2*0529 

90 

1*002 

0*1115 

1*9115 

2*0230 

100 

1*002 

0*1296 

1*8649 

1*9945 

110 

1*003 

0*1473 

1*8200 

1-9673 

120 

1*004 

0-1648 

1*7766 

1*9414 

130 

1 *004 

0*1819 

1*7346 

1*9165 

140 

1*005 

0*1988 

1*6940 

1*8928 

150 

1*006 

0*2154 

1*6547 

1-8701 

160 

1*007 

0*2318 

1*6167 

1-8485 

170 

1*008 

0*2479 

1*5799 

1*8278 

180 

1*009 

0*2638 

1*5442 

1*8080 

]90 

1*010 

0-2795 

1*5096 

. 1*7891 

200 

1*011 

0*2949 

1*4760 

1*7709 

250 

1*017 

0 * 3(;90 

1*3220 

1*6910 

300 

“ r 026 

0*4385 

1*1880 

1*6265 

350 

1*034 

0-5042 

1-0698 

1*5740 

400 

1-044 

0*5665 

0*9649 

1*5314 


QUESTIONS WITH SOLUTIONS 

(Prepared for the Author by Mb. J. W. Kershaw, M.Sc. B.Eng.) 


1. THERMODYNAMICe OE GASES. 

1. What is the law connecting the pressure, volume, and absolute temperature 
of 1 Ih. of air ? 1 lb. of air at 2 atmospheres pressure and 20® G. : what is its 

volume ? 

It receives heat energy equivalent to 1000 foot-lbs., its volume remaining 
constant : find its new pressure and temperature. The specific heat of air at 
constant pressure is 0*238. (Bd. of Ed., Stage III., 1900.) 

Answer. — The law connecting the pressure, volume, and absolute temperature 
is PV = RT ; R = 95*83 if T is in Centigrade degrees. 

Let Vi = the new volume ; 

then 2 x 14*7 X 144 x Vj = 95*83 x (273*7 -f 20) 

95*83 x 293*7 . . 

V, = rrv; ^ = ^'^^8 cub. ft. 

^ 2 X 14*7 X 144 

Heat added = Id, where t = the rise in temperature 
/. 1000 = (K - R)t 

1000 -.f.Qoo 

^ ” 0*238 X 1393 ~ 95*83 “ ‘ 

and the new temperature is therefore 24*3° C. 

To find the new pressure— 

PY = BT 

. p _ ^ = 29*89 lbs. per square inch 

If we add a small amount of heat 5H to a gas 

Heat added = increase of internal energy 4- work done 
5H = /c5T + pdv 
OT dn = IcdT A- pdv 


Substituting, fZH = — 

Integrating, heat added, H = 4 work done 


R = K - 72 and ^ = 7 


R 7 • 


/, heat added in any change = — + work done 
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During isothermal expansion the internal energy is constant. 

heat added = work done 

During adiabatic expansion no heat is added or rejected ; 

/. 0 = increase of internal energy + work done 
or work done = —increase of internal energy 

If expansion of a gas take place according to the law PV = c, the heat given 
during expansion may be written in the following form, instead of the above 
form : — 

The work done = 3^3^ 

therefore heat given may by written — 

- PiVi) + ,, __ 1 - - - 1)(9. ~ 1) 

- .y _ 1 X n-1 
_ T — X work done 

y-1 


2. Ten cubic feet of air at 90 lbs. absolute pressure and at 659 F. arc expanded 
to four times the original voli^e, the law for the expansion being PV‘-^® = a con- 
stant. Given that the specific heat of air at constant volume = 130'8 foot-lbs. per 
pound, and at constant pressure = 183'4 foot-lbs. per pound, find (1) the tempera- 
ture of the air at the end of the expansion ; (2) the work done in foot-lbs. ; (3) the 
amount of heat which must have been given by or been rejected to an external 
source during the cycle.. (London B. Sc. Eng., 1904.) 

Answer . — 

_ ('hX-' 

T2“vvJ 

. m _ <35 + 461 526 526 

'* “ - 41 " Vl 

= 372° absolute or —89° F. 

] _ 90 X 144 X 10[1 - (i)*] 
Work done in foot-lbs. = 1-25"— "l k 

= 151,800 foot-lbs. 

Heat rejected = ~ ~ X work done = — X 151,800 

y — 1 U*4Uo 

= 58,790 foot-lbs. 


3. Onp pound of air at 32° F. and at atmospheric pressure occupies 12*387 
cub. ft. Find its pressure at 212° F. and compressed to 3 cub. ft. 

Ans. 82*9 lbs. per square inch. 

4. Draw diagrams illustrating the addition of heat to a gas — 

(1) at constant volume ; 

(2) at constant pressure ; 

(3) with increase of both pressure and volume. 

5. Find the work done during the isothermal expansion of 1 lb. of air from 100 

lbs. per square inch to 20 lbs. per square inch, at a temperature of 100° F. Hyp. 
log 5 = 1*609. Ans. 48,021 foot-lbs. 

0. Find the work done during the adiabatic expansion of 1 lb. of air from 100 
lbs. per square inch to 20 lbs. per square inch. Ans. 27,487 foot-lbs. 

7. Air is compressed in an air-compressor adiabatically. If the initial tempera- 
ture is 60° F., find the final temperature. The final pressure is 6 atmospheres. 

Ans. 408° F. 
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8. A quantity of air at 60° F. is compressed adiabatically to | its volume, and is 
then cooled down to 60° F . at constant pressure. The compressed air is next used 
tor doing work by expanding adiabatically to the initial pressure. Show that the 
ratio of the work done during expansion to that expended during compression = 
(t) 7~ h Prove the formula on which you rely. (Bd. of Ed., Hons., 1893.) 

^ind an expression for the work done by 5 cub. ft. of air, at a pressure of 
50 lbs. per square inch, when expanding at a constant temperature of 110° F. into 
a volume of 8 cub. ft. State the amount of heat which must be supplied 
during expansion, and give reasons for your statement. 

G-iven, hyp. log 2 = 0*69315 
hyp. log 10 = 2*30259 

(Bd. of Ed., Hons., 1892.) jins. 21*7 B.T.U. 

10 . Find an expression for the efficiency when air at 60° F. is compressed to a 
pressure of 5 atmospheres, then cooled down under a constant pressure to 60° F., 
and afterwards used for doing work by expanding it back again to the pressure of 
the atmosphere. (Bd. of Ed., Hons., 1891.) 

11 . Calculate the work done in adiabatically compressing and delivering 3 cub. 

ft. of dry air from atmospheric x^ressure to a pressure of 75 lbs. per square inch 
above the atmos^Dhere. The ratio of the specific heats is 1*408. You may neglect 
clearance effects, and take the pressure of the atmosphere at 15 lbs. per square 
inch. (Inst. C.E., Feb., 1902.) ^ Ans. 15,210 foot-lbs. 

12 . Define the terms “ adiabatic ” expansion and isothermal ” expansion. In 

an air-compressor, 10 cub. ft. of air at a gauge pressure of 5 lbs. per square inch 
and a temperature of 60° F. is compressed adiabatically to a gauge-pressure of 
105 lbs. per square inch. Find the volume and temperature at the end of the 
compression. If the compression was isothermal, find the volume at the end of 
comipression ; the atmospheric pressure may be taken as 15 lbs. per square inch. 
(Inst. C.E., 1905.) ‘ 

Ans. Final temperature = 414*8° F. ; final volume = 2*800 cub. ft. ; if 
compression isothermal, final volume = 1*66 cub. ft. 

13 . Explain why it is not possible to convert the whole of a given quantity of 
heat into work. What is about the best possible efficiency of a steam-engine ? 

^ 14 . State Carnot’s principle. Point out the chief conclusions of a practical 
kind which have been deduced from this statement. Give the reasoning on which 
you found a measure of the efficiency of a perfect heat-engine. (Bd. of Ed., Hons., 
1894.) . 

15 . State the two laws of thermo-dynamics, and explain what limitation the 
second places upon the first in its application to heat-engines. (Inst. O.E., Feb., 

16 . Sketch the indicator diagram of an air-engine working with a Carnot cycle, 
and find formulae for the heat expended, the work done, and the efficiency. 
(Inst. G.E., Oct., l^p98.) 

17 . State the first law of thermo-dynamics, and give some account of any 
experiment with which you are acquainted by means of which its truth has been 
established. The consumption of coal in an engine is 2 lbs. per I.H.P. per hour, 
and each pound of coal may be taken as supplying 10,000 thermal units. Find 
what fraction of the heat is usefully employed. (Inst. C.E., Feb., 1899.) 

Ans. 12*7 per cent. 

18 . Distinguish between the adiabatic and the isothermal expansion of a perfect 
gas as regards work done, heat supplied, and efficiency. Prove your expression 
for the work done during each. (Inst. O.E,, Feb., 1898.) 

19 . Show by a sketch, in approximately correct relationship, the curves for the 
(a) isothermal, (6) adiabatic, ( 0 ) PV^*® = constant, expansion of 1 lb. of air from 
a given initial pressure-volume and temperature to twice its initial volume. 
State broadly the difference (not numerically) in the variation fin internal energy 
between each. (Inst. C.E., Oct., 1902.) 

20 . What is the law connecting pressure, volume, and temperature of 1 lb. of 
air, if at 1 atmosphere and 0° C. the volume is 12*39 cub. ft. ? At 2| atmo- 
spheres and 130° 0., what is its volume ? It receives heat energy equivalent to 
300,000 foot-lbs. at constant volume : what are its new pressure and temperature ? 
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The specific heat of air at constant pressure is 0-238. (Bd. of Ed., Stage 
III., 1203.) 

Ans. PV =95'83T ; Y= 7*311 cub. ft. ; 152*6 lbs. per square inch ; T=1403° 0. 

21. Fluid expands from a point on the diagram where is represented by 1*5 

inches, and t; by 1 inch, to a place where v is 3-5 inches. According to each of the 
laws of expansion, 'pv constant, constant, and constant, find the value 

of jp at the end of the expansion in each case. {Bd. of Ed., Stage II., 1900.) 

Ans. 0-428; 0*395; 0*364. 

22. Prove that if 1 lb. of air expands adiabatically the index n in the ex- 
pression PY^ = constant, is the ratio of the specific heat at constant pressure to 
the specific heat at constant volume. 

One pound of air at 354° F. (178*9° C.) expands adiabatically to three times its 
original volume, and in the process falls in temperature to 60° F. (15-6° C.). The 
work done during the expansion is 38,410 ft.-lbs. Calculate the two specific 
heats. (London B.Sc. Eng., 1912.) 

Answer . — When heat is added to a gas the heat added may either increase the 
energy in the gas or do work, or both processes may take place at the same time. 

From the first Law of Thermo-dynamics — 

— dE “h dNf 


where dQ is the heat added ; dE is the increase of energy of the gas, and dW is 
the work done. If the quantities are expressed in heat units — 


dW = 


P.dY 

J 


where J is Joule’s equivalent. 

For a perfect gas the energy is a function of the temperature. 


.*. dE = fc. dT 

where is a specific heat. 

For constant volume dQ = . dT + 0 

.*. ^ is the specific heat at constant volume, generally written fey, and is here 
assumed to be independent of the temperature. 

dq = mt + ( 1 ) 


When the expansion of the gas is adiabatic there is neither gain nor loss of 
heat, and dQ = 0. 

. P 

•• d^~ 3h, 

Q 

The characteristic equation for a perfect gas is — 

PY = RT 

where B = (Zcp — J. 

Differentiating P 4- y|^ = (hp ~ (3) 

. dT 

Substituting in equation (3) the value of ^ obtained in equation (2) — 

p jL Y— — _ — ^?>)B 

^ ^ '^dY “ 

P 4. - - ^P - P 

^ ^dY - kT 
^ dV kpdY ^ 

+€ V 

Integrating, log^ P + ^ log^ Y = 0 : 
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or = G 
PV^ = 0 

}c„ written 7 and = 1-408 for air, the index 7 being the ratio of the 

specific heats in adiabatic expansion. 

In the numerical example, as the expansion is adiabatic there is no addition or 
loss of heat. ^ 

work done = change of energy 
38410 ft. -lbs. = &„ X 774(354 - 60) 

_ 38410 

~ 774 X 294 
= 0-168 

Also I = ' (p. 21) 

460 -I- 354 _ . 7-1 

460 + 60 “ ^ ^ 


Taking logs ; log 814 - log 524 ’= ( 7 -I) log 3 


and 7 = 1-408 = 

hp = 1‘408 X 0-168 
= 0-236 


23. Obtain an expression for the work done when air expands isothermally. 
Air at a pressure flows isothermally and without friction through an orifice 
where the pressure is what is the relation between and ^2 maximum 
discharge ? (Bheff. Univ.) 


Xnszm-.— Work done = loge — for isothermal expansion (p. 12 ). 

Lot V = velocity and A = area of nozzle. 


Weight discharged per second = --- 


AY _ ApgV 
also ~ = PiVi loge^^ 


P2 


/. weight discharged : 


Ap, 


\\/ 


log, 


V \P2/ 


This expression is a maximum when its differential = 0 , that is, when 

log, or ^ = 0-606. 

Pi 

24. Air enters a single stage compressor at 60° P. and at 15 lbs. pressure. 
Find the work required per cubic foot to compress it to 90 lbs. absolute 
pressure, assuming that the compression curve is of the form PV^*® = constant. 
After compression the air is cooled to 60° F. and used in a motor. If the air 
expands to 15 lbs. pressure, find the work done per cubic foot by the air. 
(Neglect clearance.) (Sheffield University.) Ans. 4753 ft.-lbs. ; 2656 ft.-lbs. 

25. Five hundred cubic feet of air at 60 lbs. per square inch absolute enter an 
air motor per minute and expand to 15 lbs. per square inch absolute. Find the 
horse-power of the motor, assuming the law of expansion is PV^-^ = constant. If 
you use a formula, prove its correctness. What is the final temperature, if the 
Initial temperature is 228° F. ? j(Sheffield University.) 

Ans, Horse-power ^ 155*5 ; final temperature = 40° F, 
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26. Show that when air expands adiabatically the index 7 in the law PV*^ = 0 
is the ratio assuming the specific heat to be constant. 

27. Pind an expression for the work done by an engine in compressing air 
from a pressure Po and volume V„ to a pressure P^ and volume Vj and delivering 
it at Pj, assuming the compression curve may be represented by the law PV” = 
constant. 

Find the horse-power required to deliver 600 cub. ft. of free air per minute 
at 60 lbs. per square inch absolute, the initial pressure being 15 lbs. per square 
inch absolute. Assume PV^-^ = constant. (Sheffield University.) 

Ans, 64-1 H. P. 

28. Find the heat changes per pound of air, and draw up a heat balance for a 
refrigerating machine using air as the working fluid under the following con- 
ditions : — 

Admission pressure to compressor, 15 lbs. per square inch absolute ; tempera- 
ture, 35° F. 

Pressure at the end of compression, 75 lbs. per square inch absolute; law of 
compression, PV'"-'’ = 0 . 

Temperature after passing through cooler = 65° F. 

Pressure after expansion, in expansion cylinder, 15 lbs. per square inch ab- 
solute ; law of expansion, PV^*-^ = G. 



Answer . — Let Pg, Vo and To be the original pressure, volume, and temperature. 
Pj, Vj and Ti the pressure, volume, and temperature after compression. 

Pi, V 3 and T 3 the pressure, volume, and temperature after cooling. 

Po, V 4 , and T 4 , the pressure, volume, and temperature after expansion. . 

PoV = EiT 

/ 15 X 144 = 53-1 (460 + 36) 

Vo = 12-19 cub. ft. 

To find Vi, 75 x V^ 1*25 = 15(12'19)i-25 

Vj = 3*363 cub. ft. 

To find Ti, 75 x 144 x 3*363 = 53-2 Tj. 

Ti = 682*9 

Loss of heat in cooler = (682*9 —(460 -h 65)) x 0*2375 
= 37-50 B.Th.U. 

To find T... 

Tj = 380-6 

\ Heat received froin cooling chamber = (495 — 380-6) x 0-2375 

- 27-2 B.Th.tr, 
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Net work done = work done during compression — work done during expansion 
of air. 

_ 1^(75 ^3j363 - 15 x 12- W) _ 1-25 x 144(75V3 - 15VJ 

“(i-25 - 1)778 (F25".:7 i)778 

5 X 144 X 15, „ - 

= 770 (5 X 3-363 - 12-19 - [SV^ - V.,]) 

To find Vj, 75 x 144 x = 53-2 x 525 

Vj = 2-5S6 cub. ft. 

To find Vj, 15 X 144 x V,, = 53-2 x 380-6 

V, = 9-374 cub. ft. 

.-. net work done = (16-815 - 12-19 - 12-93 + 9-374) 

= 14-9 B.Ti.U. 

Heat rejected by ait during compression = work done 

_ 1-408 - 1-25/75 X 3-363 - 15 x 12-19 s _ , 

■ 1-408 - i 4 778(1-25 - 1) j ^ 

= 19-9 B.Th.U. 

Heat received during expansion = ^ ^ 144 

® ^ 1-408 - 1 \ 778(1-25 - 1) 

= 15-3 B.Tb.U. 

Heat Balance-sheet. 


Heat rejected during com- ' 

B.Th.U. 

Heat abstracted from 

B.Th.U. 

pression 

19*9 

chamber 

27-2 

Heat rejected during cool- 


Heat received during 


ing 

37-5 

expansion 

16*3 



Work done on air ... 

14-9 


57*4 


57*4 


29. In a type of refrigerating machine using air, the air is drawn from the 
refrigerating chamber at a temperature 30° F. (atmospheric pressure 15 lbs. per 
square inch), compressed to 75 lbs. per square inch absolute and discharged to a 
cooler, where the temperature is reduced to 60° F. From this cooler it is taken 
and expanded to atmospheric pressure and then discharged into the chamber. 
The expansion and compression follow the law_23^J^’^ = constant. Draw up a heat 
balance for 1 lb. air, showing — 

(1) Heat abstracted from the chamber. 

(2) Heat rejected during compression. 

(3) Heat rejected during cooling. 

(4) Heat received during expansion. 

(5) Heat representing work done. 

Take Kp = 0*2375, y = 1*4. (S.U., Hons., 1913.) 


Answer.- 


Heat Balance. 


Heat rejected during com- 

B.Th.U. 

Heat abstracted from 

B.Th.U. 

pression 

25*54 

chamber 

21*92 

Heat rejected during cool- 


Heat received during 


ing 

28*66 

expansion... 

20-73 



Work done on air ... 

11-55 


54*20 


54*20 


[Note that having given and 7, then B. = — ^^778 = 52*8.] 
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30. A two-stage compressor delivers air into a large receiver with the object 
of measuring the volume of air delivered. Find from the following data the 
volumetric efficiency : — 


Stroke 18 in. 

Efective area of L.P. piston 103*2 sq. in. 

Volume of receiver and connections 984 cub. ft. 

Temperature in receiver (final) 71° F. (21*7° C.). 

Temperature of air entering L.P. cylinder and initial temp. 

in receiver ‘ / 58° F. (14*45° 0.). 

Pressure of air in receiver (initial) 14*7 lbs. sq. in. abs 

Pressure of air in receiver (final) 92 lbs. sq. in. abs. 

Nurqber of strokes taken to raise the pressure in the receiver 5900 

(London B.Sc. Eng., 1913). Ans. Volumetric efficiency = 0*795. 


31 On a pressure-volume diagram in which the scales are : Pressure, 100 lbs. 
per square inch = 1 in. vertical ; volume, 1 cub. ft. = 2 in. horizontally plot a 
point A representing 4 lb. of a gas at a pressure of 200 lbs. per square inch and 
at 100° C. temperature, having given that the characteristic equation of the gas 
iSj ^V = 0*7Tio, where T is the absolute temperature C., p is the pressure in 
pounds per square inch, V is the volume in cubic feet, and w is the weight of the 
gas in pounds. 

The gas expands to twice the volume shown by the point A according to the 
relation PV — a constant. Calculate and write down the temperature of the gas 
at the end of the expansion, and mark point B on the diagram which shows its 
new state. 

Calculate the heat received or rejected by the gas during its expansion from 
the state A to the state B. The specific heat of the gas at constant volume 
is 0*17. (B. of Ed., 1914. Pligher.) 

Ans. Temperature after expansion, 100° C. ; heat received = 16*75 B. Th. U. 


II. PROPERTIES OF STEAM. 

1 . Find the pressure of saturated steam at a temperature of 350° F. 

Ans. 134*6 lbs. per square inch. 

2. Draw a diagram illustrating the changes of H, L, p, and E between 102° F. 
and 400° F. 

Find the external latent heat and intrinsic energy in 1 lb. of steam at 14*7 lbs. 
per square inch ; temperature 212° F. ; volume of 1 lb. is 26*6 cub. ft. 

Ans. E = 72*3 ; pA-h = 1074*7. 

3. Find the total heat, latent heat, internal heat, and external heat of 1 lb. of 
steam at a temperature of 373° F. 

Find the volume of 1 lb. of steam at a pressure of 150 lbs. per square inch 
absolute. 

Compare your answers with those given in the Steam Tables, page 453. 

4. How much heat has been expended in evaporating 1 lb. of water at 60° F. 
into steam at 350° F., the wetness of the steam being 5 per cent. ? 

Ans. 1115 B.T.U. 

5. A boiler evaporates 8| lbs. of water per pound of coal. The pressure of the 
steam produced is 100 lbs. per square inch (temperature 328° F.), feed temperature 
60° F. Find the equivalent evaporation from and at 212° F. Aois. 10*13 lbs. 

6. A boiler evaporates 7*3 lbs. of water into steam from feed water at 60° F. 

Find the equivalent evaporation from and at 212° F. Temperature of steam, 
357° F. The steam produced is 85 per cent. dry. 7*78 lbs. 

7. A boiler evaporates 9*7 lbs. of water per pound of coal from water at 60° F. 

The temperature of the steam is 376° F. Find the equivalent evaporation from 
and at 212° F. A^is. 11*7 lbs. 

8. A boiler produces 8*2 lbs. of wet steam per pound of coal from feed water at 
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80" F. Find the equivalent, evaporation from and at 212" F. if the steam is 
90 per cent. dry. . Ans. 8'9 lbs. 

9. A boiler evaporates 7'5 lbs. of superheated steam, the temperature on leaving 

the superheater being 650° F. The feed water enters the boiler at 85° F. The 
pressure of the steam is 100 lbs. absolute, and the ternperature of saturated steam 
ati this temperature is 328° F. Find the equivalent evaporation from and at 212° F. 
Total heat per pound = H + 32 — 85 + 0-48(650 — 328). Ans. 9*95 lbs. 

10. When comparing different boilers, what do we take as the standard of 

evaporation ? Feed water, 25° G. ; steam, 15 per cent, wet ; that is, there is 
0-15 lb. of water to 0-85 lb. of steam leaving a boiler at 180° 0. If 9 lbs. of this 
wet steam leaves a boiler for every pound of coal burnt in the furnace, what is the 
evaporative power of the coal, reduced to standard units of evaporation ? (Bd. of 
Ed., Stage II., ^1903.) Ans. 9*447 lbs. 

11. Steam coming from a boiler is led into a tank of water. Show how, by 
using thermometers and noting the amount of water in the tank at various 
times, we can find the dryness of the steam leaving the boiler. (Bd. of Ed., 
Stage II., 1904.) 

12. Steam is admitted to a tank containing 190 lbs. of water. The initial 

temperature of the water is 56° F., and the final temperature is 78° F. The 
steam condensed is 4 lbs. If the pressure of the steam is 150 lbs. absolute 
(temperature 358° F.), find the dryness of the steam. Ans. 0-941. 

13. Steam is condensed in a tank containing 300 lbs. of water at 47° F. The 
increase in the weight of the water is 8 lbs. and the final temperature is 75° F. 
Find the dryness of the steam if the temperature of the entering steam is 341° F. 

Ans. 0*895. 

14. Upon what principle does the throttling calorimeter depend ? What is the 
maximum percentage of moisture that it will measure ? State the formula for 
determining the percentage of moisture. 

16. The steam in the main steam-pipe has a temperature of 320° F. It enters 
a throttling calorimeter, and its temperature after expansion is 267-5° F. and 
pressure 21 lbs. per square inch. The temperature of saturated steam at 21 lbs. 
is 230*5° F. Find the dryness of the steam. Ans. 0*99. 

16. Steam enters a throttling calorimeter at 344° F., and expands to 19 lbs. per 

square inch. The temperature of saturated steam at 19 lbs. per square inch is 
225° F. The actual temperature of the steam is 290° F. Find the dryness of 
the steam. Ans. 0-995. 

17. Steam escapes from a vessel which is maintained at a temperature into 
a. vessel whose temperature is L ; prove that — 

£C„ — £c = ~ ^3 ~~ ^1(^2 ~ 

L 2 

where Xi and aj., are the dryness fractions, and Lj, L, the latent heats. (Inst. C.E., 
1904.) 

18. Describe any method with which you are familiar for measuring the wetness 
of steam. (Inst. C.E., Oct., 1901.) 

19. Draw the three characteristic curves for steam, and say under what 
conditions steam follows each of these curves during expansion. 

20. Given the following numbers for steam, use squared paper to find at 

150° G. The latent heat of steam at 150° 0. is 500-8 in pound-Centigrade units : 
find the volume of a pound of steam at 150° 0. 


Pressure in pounds per square foot . 


145 

150 

155 

I 8698 

9966 

11,380 


Prove your formula. (Bd. of Ed., Stage III., 1903.) . , . 

To find the Volume of 1 Ih. of Saturated Steam.—lt is not easy to determine this 
volume directly, so it is calculated from other properties of steam which can be 
more accurately determined. 
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In applying Carnot’s cycle to the steam-engine, the work obtained per pound was 


shown to be equal to 


Lx(T, - T,) , 




in heat units, or 


JL,(T, 

T, 


in foot-lbs. 


If the temperatures are close together, this expression may be written 


JL5T 


Beferring to the indicator diagram, the length 
MN is w — 10 , where u = vol. of 1 lb. of steam, and 
to = vol. of 1 lb. of water. Its height = SP. 


The area of the diagram = work done = x (u — w) g 
/. SP{76 -w) = — ^ 
dL 

“ T‘ ^ dZP 

JL dT 
or« = w+^x^ 


In the limit u > 


VOLUME 


Fig. 477. 

The volume of 1 lb. of steam, when calculated 
by the above formula, depends upon J, which causes the volume to vary 
in different Tables according to whether 772 or 778 has been used in the cal- 
culation. 

In the example given we find, from plotting on squared paper — 


dT 


= 268 


u = 10 + 


TL dT 
T ^^P 


= 0-016 -b 


1393 X 500*8 1 


= 6-172 cub. ft. 


150 4- 273 ' 268 


= 0-016 + 6-156 


21 . Derive the formula (t; ^ w)= x Steam at 90 lbs. absolute {t = 320), 

L = 888*4, the change of pressure for one degree is 1*28 lbs. per square inch : find 
the volume of 1 lb. of dry steam, taking w = 0*016. (Inst. C.E., Oct., 1903.) 

Ans. 4-86 cub. ft. 

22. What is the volume of 1 lb. of steam at 165^ C., the latent heat being 490 
in pound-Oentigrade units ? To find ~ approximately, use squared paper and 
the following information : — 


6°G. 

160 

165 

170 

Pressure in pounds per square foot . 

12,940 

I 

14,680 

1 

16,580 


Prove your formula. (Bd. of Ed., Stage III., 1900.) Ans. 4-29 cub. ft. 

23. How much heat must be given to 1 lb. of feed water at 40° 0. to convert 
it into steam which is 10 per cent, wet at 180° C. ? An engine uses 5000 lbs. of 
this steam per hour, the indicated horse-power being 180. What is the indicated 
energy per hour in heat units? How much heat goes to the condenser or is 
radiated ? (Bd. of Ed., Stage II., 1905.) • 

Ans. 573 heat units ; indicated energy = 255,900 heat units ; heat to con- 
denser = 2,609,100 heat units. 

24 . An engine uses 4000 lbs. of wet steam per hour at 170° 0., there being 90 
per cent, steam and 10 per cent, water. If the feed water was at 20°, how much 
heat is supplied ? If the indicated horse-power is 140, how much heat energy is 
indicated per hour ? If we imagine no heat to be radiated, and if the circulating 



QUESTIONS WITH SOLUTIONS. 469 


water of the condenser is raised 10 degrees Centigrade, how many pounds of cir- 
ciiiating water are being used per hour? (*Bd. of Ed., Stage II., 1901.) 

^ Ans. 4,244,400 B.T.U. ; 356,298 B.T.U. ; 216,000 lbs. 

f ruA water 25° G. ; steam 10 per cent, wet ; that is, there is 0*1 lb. of water 

V r steam at 170° 0. If 26 lbs. of this wet steam enter the cylinder per 

nciicat^ horse-power, how much of the heat passes to the exhaust ? If the stuff 
oaves the cylinder as saturated steam and water at 105° 0. , what is its wetness ? 

^’■^dia.tion or other loss of heat by the cylinder. (Bd. of Ed., Stage III., 

Ans. 13,788 heat units per I.H.P. per hour above 25° C. ; wetness, 15*5 per 
cent. 


_ 26. Explain fully what occurs when heat is applied to water until it is converted 
into dry saturated steam, the pressure being maintained constant during the pro- 
Illiistrate your remarks by means of the temperature-entropy chart, taking 
the following numerical data: — 


Weight of water 

Initial temperature of water 

Pressure of steam 

Temperature of saturated steam at this' 

pressure . 

Total heat 

How many heat units are required throughout the whole process, and how many 
aro required for the mere conversion of the water into steam after it has been 
raised to the steam temperature ? (Note. — A hand-sketch of the chart will be 
HLiffioient.) (Inst, G.E., Eeb., 1900.) 

27. If water is supplied at 60° F. and evaporated at 120 lbs. pressure per square 
i nch (t = 341° F.), how many pounds of water will be evaporated by 5000 thermal 
units ? Give full details of your working, and calculate each portion of the heat 
addition to the water separately. (Inst. G.E., Feb., 1901.) 

A 71 S. Sensible heat = 281 B.T.U. ; latent heat = 875*3 B.T.U. ; total 
heat = 1156*3 B.T.U. ; water evaporated = 4*325 lbs. 

2i8. Calculate in British thermal units the external and internal heat per 
pound of saturated steam which is supplied from a boiler working at a pressure 
of 100 lbs. per square inch (absolute). 


Number of cubic feet per pound of steam 4*37 

Total heat of evaporation from 32° F. * 1182 B.T.U. 

Temperature of steam 328° F. 

(lust. G.E., Oct., 1901). 


Ans. External heat = 80*9 B.T.U. ; internal heat = 1101*1 B.T.U. 

259. Distinguish between the “ internal work” and the “ external work” done 
in changing the state of a fluid. If the heat expended in generating a pound of 
Hteam be 1000 thermal units, and the external work done be 60,000 foot-lbs., find 
how much internal work is done. (Inst. G.E., Oct., 1898.) Ans. 922*9 B.T.U. 

30. Calculate the number of British thermal units supplied per pound of steam, 

starting from water at 70° F., and generated in a boiler at a pressure of 150 lbs. 
per square inch (temperature 358° F.), and afterwards superheated to a temperature 
of 500° F. You may assume the common value for the specific heat of superheated 
steam to be correct. (Inst. O.E., Oct., 1901.) Ans. 1219*6 B.T.U. 

31. A steam electric generator on three long trials, each with a different point 
of out-off on steady load, is found to use the following amounts of steam per hour 
for the following amounts of power : — 


lib. 

100° F. 

150 lbs. per square inch 
absolute 

358° F. 

1191 B.T.U. 


Pounds of steam per hour 

4020 

6650 

10,800 

Indicated horse-power . . 

210 

480 

706 

Kilowatts produced . . 

114 

290 

! 

435 
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Find the indicated horse-power and the weight of steam used per hour when 
330 kilowatts are being produced. 

Find in the four cases the amounts of steam used per Board of Trade unit (that 
is, per kilowatt-hour). (Bd. of Ed., Stage II., 1901.) Ans. 545 I.H.P. ; 7590 lbs. 

32. Taking the hypothetical indicator diagram, if the average pressure during 
the stroke is 


1 + loge r 

Pi — ^ 


-Pi . 


where is the initial pressure, and jPa is the back pressure ; if r, the ratio of cut-off, 
is 3, if pg is 17, if the area of the piston is 150 sq. in., if the crank is 1*2 feet, 
if there are 300 strokes per minute, then the horse-power is — 

P rz qpi — 5 

Find the constants a and b. 

If u is the volume of 1 lb. of initial steam, then the weight in pounds per hour is — 


W: 


c 

■ u. 


Find the constant c. 

Given the following values of and find P and W and tabulate them . 


Pi 

60 

80 

100 

120 


7-03 

5*37 

4*356 

3-671 


(Bd. of Ed., Stage II., 1905.) Aois. a = 2*28 ; b = 55-5 ; c = 15,000. 


Pi 

60 

80 

100 

120 

P 

81 

127 

172 

217 

w 

2133 

2793 

3444 

4091 


33. If_p = 79*03 when B = 155° C., and p = 89*86 when B = 160° 0., find B and 
^ when p is 85, assuming that p =z a{B A- hy. (Bd. of Ed., Stage 11., 1899.) 


Answer , — 


p = a(B + hy ; 

- (V\^ 


■ P- 


{e + 6 )» 


•••(*+*'=© 

d9 _ 

'^P~a,i 

Substituting in equation (1) to find 


dB 1 . , 4 dp „ X 4 


tKK , -U /V9*03\t 

155 + 6 = 

160 + 6 = 

/. by subtraction we have 5 = ^ 

ai 

5a^ = 0*063 

^ = 0-063 X 85^ = 0-063 x 34-96 = 2-202 
tlie units being pounds per sg^uare incb and degrees 0. 


( 1 ) 


( 2 ) 
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To find 6, substitute the valve of m(2)- 

155 + 6 = (79-03)ix^ 


To find 9— 


b = 35-2 


e + 35-2 = (f)^ 

ff= 193 - 35*2 = 157*8° 0. 


34. The volume of 1 lb. of saturated steam at 160° G. has been calculated by 
the well-known formula from latent heat, -etc., and found to be 4*82 cub. ft. 

What value must have been taken for ^ ? Take Joule’s equivalent as 1393. 

Pj?ove the formula to be correct. (Bd. of Ed., Stage III., 1899.) Ans. 330. 

35. Define the terms “ superheated” and “ dry saturated ” as applied to steam. 
During the trials of an engine using superheated steam, the steam was supplied 
at a pressure of 130 lbs. per square inch absolute, and the superheat was 300° E. 
The engine consumed 12 lbs. of steam per I.H.P. hour, the feed temperature being 
120° F. Express the consumption in “ pounds of dry saturated steam” at the 
same pressure, and also in “ pounds of water evaporated from and at 212° F.” 

At a pressure of 130 lbs. per square inch absolute, the boiling-point is 347*2° F., 
the total heat of 1 lb. of dry saturated steam is 1,187*9 B.T.U., reckoned from 
32° P., and the latent heat is 869*4 B.T.U. Take the mean specific heat of the 
superheated steam as 0*48. (Inst. C.E., 1905.) Am, 13*57 lbs. and 15*44 lbs. 


36. Steam of wetness fraction zoi is expanded adiabatically from a pressure pi 
to a pressure The expansion curve is = constant, where n = 1*135 — 0*1^^, 

and the specific volume of steam is given by ^ = constant. Find the wetness 
of the steam after expansion from to ^ in terms andw. Hence find 

tho wetness of 5 per cent, wet steam after adiabatic expansion from 150 to 20 lbs. 
per square inch absolute. (London B.Sc., 1912.) 

Ans. Let qi = the dryness of steam before expansion 
= 1 — ^1 

^2 = dryness of steam after expansion 
= 1 — ^2 

= ( 1 ) 


whore Vj and Vg are the volumes of 1 lb. of dry steam before and after expansion 
respectively. 

Also PiVy^ = P,v/^; and^J = (g;) ^ 


From 




Pi \7l 17 




FAn 17 
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Substituting the numerical values given in the question — 

0 - 9412 - 0*8849 

= 0*848 


37. Prove that if the volumes of a fluid before and after undergoing a change 
of state at pressure p and temperature' T are and respectively — 


Vo — v^ 


_ Ja ^ 
“ T ^ ciP 


where X is the heat absorbed in the change and J is Joule’s equivalent. 

Apply this equation to determine the volmne of 1 lb. of steam at 150 lbs. 
pressure, having given that— 


V Iks. / 

t°¥. 

Ain B.T.LT. 

140 

353 

865*5 

150 

358*5 

861*6 

160 

363 

857*9 


(Shefl. Univ.) 


Ans. Vol. = 3*03 cub. ft. (See II. 20.) 


38. In a given vapour the relation between the temperature t and pressure p 
is given by the expression — 


t = 140 Vp + 4 


and the latent heat by — 


L = 1200 - Q'5t 


where t is measured on the Fahrenheit scale and L in B.Th.U. 

Tliese relations are also expressed by — 

t = 77*8 ViT- 15*5\ 

L=658-0*5^ j 

where t is measured on the Centigrade scale, and L in pound calories, p in each 
case being the pressure in pounds per square inch absolute. Find the specific 
volume of dry saturated vapour when at a pressure of 81 lbs. per square inch 
absolute. The volume of the liquid is 0*02 cub. ft. per pound. (London B.Sc. 
Eng. 1913.) 

Answer . — The formula connecting the volume of a vapour with its pressure, 
temperature, and latent heat is — 

u = (p. 468) 

+ 460 = 140V8i + 4 + 460 

T = 884° absolute, or 424° F. 

L = 1200 - 0 5 X 424 
= 988 B.Th.U. 

T in terms of the pressure in pounds per square foot, 
dp 


T = t 


dH 

Before finding ^ express 
_ 1 

or ^ may be taken as — ^ 
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JExpressing T in terms of the pressure per square foot — 

!r = U0^_P +460 + 4 
where P = pressure in lbs. per square foot 

T = 40-41Vp 4- 464 
then'll = 40-41 x ip"^^ 

Let P = 81 X 144 then = = 0*009001 

4 X 144-f X 81^ 

^ 0-009001 + 0-02 
= 7-847 cub. ft. 

39. In a combined separating and wire-drawing calorimeter the following 
observations were taken : — 

Total quantity of steam passed through the diaphragm, 52 lbs.; water 
drained from the separator, 2*7 lbs. ; steam pressure before wire-drawing, 118 lbs. 
per square inch absolute (temperature, 340°F.) (171‘1°G.), latent heat, 878-3 B.Th.U. 
(488 O.H.U.). Temperature of steam on leaving, 232*6® P. ( 111 * 4 ® 0.). Steam 
l^ressure on leaving, atmospheric. Find the wetness fraction of the steam on 
entry. You may take the specific heat of superheated steam as 0*48. (London 
B.Sc. Eng._, 1913.) ^ ^ Ans. Wetness of steam = 8*3 per cent. 

40. Taking the hypothetical diagram, no cushioning or clearance, expansion 
part iw constant, the mean pressure in the forward stroke is — 

jPi(l + loge r) 


If the back pressure in the cylinder is 17 lbs. per square inch, and if we look upon 
friction as equivalent to a back pressure of 14 lbs. per square inch, what is the 
real work done in a stroke of I feet, the area of the piston being A sq. in. ? What 
is the volume of steam admitted for one -stroke ? What is the work done per 
cubic foot of steam if = 100 lbs. per square inch and r = 4 ? (B. of Ed., 1907.) 

Ansioer.- 


whoro P 

r 


41. Steam passes through a throttling calorimeter, where it is reduced in 
pressure from 120 lbs. per square inch (temperature, 341® F.) to 15 lbs. per square 
inch. The temperature after expansion is 230® F. The temperature of steam at 
15 lbs. per square inch is normally 213® F. Find the original dryness of the 
steam. The latent heat of 1 lb. of dry steam is approximately 1114 - O'lt 
thermal units, where t is the temperature of the steam in degrees Fahrenheit. 
The specific heat of superheated steam may be taken as 0*5. (Inst. G.E., 
October, 1913.) Ans. Dryness of steam = 96*6 per cent. 


Mean pressure == - 17 — 14 | 

= 38*95 lbs. 

= initial pressure 
= number of expansions = 3 

work done per stroke = 38*95 x area X stroke 

steam used per stroke = x stroke x i 
144 r 


.*. work per cubic foot = 


38*95 X area x stroke x 144 x r 


area x stroke 
= 16830 ft.-lbs. 
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III. TEMPERATURE— ENTBOPY DIAGRAMS. 

1. Find the heat given to 1 lb. of feed water at 40° G. to convert it into wet 
steam (15 per cent, water) at 170° C. If 25 lbs. of this wet steam reaches the 
cylinder per horse-power hour, what percentage of the heat leaves with the exhaust 
or is radiated from the cylinder ? 


Temperature 

170° 0. 

100° C. 1 

40° C. 

Entropy of 1 lb. of water 

0*490 

0*314 

0*137 

Entropy of 1 lb. of steam 

1*585 

1*748 

1*982 


Draw a Ocj) diagram. State in heat units and foot-pounds the energy that is 
represented to scale by one square inch of your figure. Find the work that would 
be done per pound of this wet steam in a perfect steam-engine (Rankine cycle) 



ENTROf>Y 

Fig. 478. 

working between these temperatures of 170° C. and 40° 0. What is the efficiency 
ratio of the engine as compared with this perfect steam-engine ? 

Answers must be correct to one per cent. The examiners do not want to be 
told how calculations are made by the (pd diagram ; candidate must really 
make the calculations correctly. Also, calculation by a formula is not what is here 
wanted. (Bd. of Ed., Stage III., 1902.) 

Heat required = h + xh = 170 — 40 + 0'85L 
L = 606*5 ~ 0*695 X 170 = 488*4 
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heat required = 170 - 40 + 0-85(488-4) = 130 + 415 = 545 units 
heat entering cylinder = 645 x 25 = 13,625 units 

heat transformed into work = — 1^14. units per hour 

poroentage to exhaust = = 0'896 or 89-6 per cent. 

The amount of heat converted into work is shown by the area ABGD on the 
t diagram. 

This area = 283 squares, and each square is equal to 5 x 0*1 = 0-6 heat units 

/. total area represents 283 x 0*5 = 141-5 heat units 

5G*56 

efficiency = x 100 = 39*9 per cent. 

2. Given the following information, draw a,t — (f> diagram 
A quantity of water-steam whose weight is unknown has the volume 6-16 cub. 
ft. at 160° G. It expands adiabatically to 150° C., and then its volume is 26-27 
cub. ft. ; neglect the volume of the water part. 



(j) of 1 lb. of water. 

^ of 1 lb. of steam. 

w, the cubic feet of 
steam per pound. 

IGO 

0*466 

1*604 

4*827 

115 

0*354 

1*705 

16*32 


What is the iweight of stuff with which we are dealing, and how much of it is 
steam and how much of it water at the beginning and at the end? (Bd. of Ed., 
Hons., 1904.) 

On the t — <p diagram 4*827 cub. ft. are represented by a length measured on 
the entropy scale = (1*604 ~ 0*466) = 1*138. 

Therefore G*1G cub. ft. will be represented by = 1*452, and the 

total length from the zero line = 1*452 + 0*466 = 1*918. 

26’27 

Similarly, 26*27 cub. ft. are represented by (1*706 — = 2*174, and 

the total length from the zero line = 2*174 + 354 = 2*528. 

If the diagram had been drawn for x lbs. of steam and water instead of 1 lb., 
and the mixture had expanded adiabatically, (f> would have been constant. 

Therefore the additional water required in order to increase the entropy from 

1*918 to 2*528 = because every pound of water increases the entropy 

by 0*466 - 0*354. 

total water and steam present at the beginning = + 1 = 6*446 lbs* 

6*16 

of which — lbs. are steam = 1*276 lbs. 

4*827 

.*. dryness at beginning = = 0*192 

26*27 

The steam present after expansion = = 1‘61 lbs. 

16*32 

/. dryness after expansion = = 0*26 

6*446 


3. What percentage of steam initially containing 10 per cent, of moisture will 
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be liquefied during adiabactic expansion from 307° F. to 120° F. ? (Inst, C.B., Fob., 
1903.) Ans. Wetness after expansion = 25 per cent. 

4. The entropy of 1 lb. of water for the absolute Centigrade temperature t is — 

^ 

Calculate this for two values of the temperature, say 70° C. and 170° G. It is, 
of course, 0 at 0° C. Plot the temperature-entropy diagram for water. State 
exactly how much heat is represented by the area of 1 sq. in. of your diagram. 
(Bd. of Ed., Stage II., 1903.) 

5. Find the entropy added to 1 lb. of water at 181° 0. in forming 1 lb. of wet 
steam at 181° C. if nine-tenths of it is steam and one-tenth water. 

Sketch the appearance of a water-steam temperature- entropy diagram, and show 
how it informs us about liquefaction during adiabatic expansion. (Bd. of Ed., 
Stage IL, 1901.) Ans. 0-9495. 

6. Given the following information, draw a t<f) diagram. On it mark the point 
which shows a pound of water-steam which is 90 per cent, steam and 10 per cent, 
water at 160° C. Now draw the adiabatic to 115° 0. At 115° 0. how much of 
the stuff is steam ? 


c. 

^ of 1 lb. of water. 

of 1 lb. of dry steam. 

160 

0-466 

1*604 

115 

0-354 

1*705 


(Bd. of Ed., Stage II., 1904.) Ans. 84*1 per cent. 

7 . Explain what is meant by “ entropy,” and show how the change of state of 

a fluid consequent on the application of heat is represented graphically by a 
temperature-entropy diagram. A fluid receives heat (1) at a constant temperature 
of 300° F. ; (2) as the temperature rises at a uniform rate from 300° F. to 500° F. ; 
(3) at a constant temperature of 500° F. ; the quantity of heat received in each 
stage being 1000 thermal units. Calculate the change of entropy, and sketch the 
diagram. (Inst. C.E., Feb., 1899.) Ans. (1) 1*314; (2) 1-166; (3) 1-041. 

8. Show how the heat supplied during the expansion of a mixture of steam and 
water is graphically represented on a temperature-entropy diagram. Show that 
if no heat is supplied to steam which is originally dry, it necessarily condenses 
during expansion, and exhibit graphically the heat necessary to prevent condensa- 
tion. (Inst. C.E., Oct., 1898.) 

9. A pound of water at 0° G. is heated as water to 145° 0., and then converted 
into wet steam at the same temperature with 15 per cent, of wetness (p is 60*4 lbs. 
per square inch, u is 7*009 cub. ft. per pound). Find its intrinsic energy and its 
entropy in excess of what they were at 0° G. (Bd. of Ed., Stage II., 1900.) 

Ans. 748,655 foot-lbs. ; 1*452. 

10 . Show how to construct the entropy diagram for steam, and state the use of 
the diagram. 

Steam expands adiabatically from being initially wet. Find the change in the 
dryness fraction for a given range of temperature. (Inst. G.E., 1904.) 

11 . If an indicator diagram of a steam-engine cutting ofl at |-stroke and working 
between a pressure of 3|00 lbs. and 30 lbs. absolute were supplied to you, show fully 
how you would draw an entropy chart so as to find out the dryness fraction at the 
end of expansion. State what additional data would be required. (Inst. O.B., 
Oct., 1902.) 

12 . Given the following information, draw a tej) diagram. A pound of water- 
steam at 160° G. expands adiabatically to 115° 0. If 90 per cent, of it is steam at 
the beginning, how much of it is steam at the end ? If only 30 per cent, of it is 
steam at the beginning, how much of it is steam at the end ? 
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/t’ c. 

(/, of 1 n». of ! 


u, tlie cubic 
feet of steam 

p, the pressure i' 

Wiitor. 

steam. 

in pounds per i 

i 


per pound. 

square inch. 

j; 

IGO 

O'IGG 

1-G04 

4-817 

89-86 S 

115 

i 

1 ()'854 1 

i_ 

1 *705 

1 

16*32 

25-54 t 

f! 


What is tlio actual volume v at the beginning and end in both cases, neglecting 
the volunu‘. of the water part? Assume that in each case there is an adiabatic 
law like constant, and find n. (Bd. of Ed., Stage III., 1904.) 

Aiifi. HH-5 per cent. ; 88-5 per cent. ; 4-3358 cub. ft. ; 13*G2 cub. ft. ; 
1-445 (uil). ft. ; 5-4()r» cub. ft. ; n rr: 1-10 and 0*94. 

13. (liven the, following numbers, draw the temperature-entropy diagram: — 


Tempc'.raturci 

Entropy of I lb. of wat('r . 
Entropy of 1 lb. of steam . 


100° C. 

130° 0. 

1G0° 0. 

()-814 

0-393 

0-4G6 

1-748 

l-6fi7 

1-604 






Steam 90 ])o.v ccuit. dry at 100® (I.: find its dryness as it expands adiabaticallv 
at imr C. and at KK)'‘ (I. (Pal. of Ed., Stage III., 1901.) 

Ana. 8G-1 per cent, and 82 per cent. 

14 . Taking the following figuinis, draw a Otp diagram. State in heat-units and 
foot-pounds the energy that is represented to scale by 1 sq. in. of your figure, 
l^’ind th(^ work that would be, done l)y 1 lb. of steam 90 per cent, dry at 160® C. on 
thi^ ilankine e.ye.le, the low(U’ temporaturo being 100° G. 

\'our answers must Im corree-t to 8 per cent. 

’flu} {‘.xaniimws do not want to be told lum calculations are to be made by the 
tliagratn ; c^andidai.es must re.ally make the calculations correctly. Also calculation 
t)y a formula is not what is luire wanted. 


'remperaturr^ 



160° C. 

130° C. 

100° 0. 

of wat(‘r 

0-465 

0-391 

0-313 

of steam 

1 ‘Cm 

1-668 

1-749 


Suppose ndease t(» take place before 100° C. is reached in the expansion, what 
aBBumption is mad(*. to enahlcj us to reprosont release on the dep diagram? (Bd. of 
’I4d., lions., 1908.) A^is. Work done = 65*1 B.T.U. 

15. Sketch the (mtropy diagram for steam at 190° 0. = 182*4 lbs. per square 

inch), superheated 50° G. above its temporaturo of production, expanded adiabati- 
c-ally to 40° 0. and condense, ‘.d. Eind the work done per pound of steam. What is 
thc^ state of the Htcarn as to drynosH at the end of the expansion? (Bd. of Ed., 
Hons., 191K).) 

16. Define the term “thermal offlcioncy.” Work out the formula for the 
thermal ellicieaicy of the Carnot cycle for a heat-engine, and for the Ilankine 
(c nausius) cycle for a stcuun-ongino, or show the meaning graphically by means of 
the temperature-entropy eliart. Why is the thermal efficiency of the Carnot cycle 
greater than that of tlie ilankine cycle? (Inst. C.E., Oct., 1899.) 
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Steam-engine using Carnot's Cycle, 

Let a small amount of water be placed in a non-conducting cylinder. Let there 
be two indefinite sources of heat, Ti and To, and a non-conductor of heat, N, 

Let the water be at the temperature Ti of the hot body. Then, if the hot body 



Fig. 479. 


be applied, the water will be converted into steam at constant pressure and tempe- 
rature. This is represented by the line ah of the indicator diagram. 

Then remove the source of heat Ti, and let adiabatic expansion take place 
until the temperature To is reached. 

Next apply 0. Compress the steam isothermally at To, allowing 0 to take the 
heat generated. Stop the compression at d. 

Now remove 0 and apply N, allowing adiabatic compression to take place to the 
original temperature Tj. 

The indicator diagram for the cycle is ahcd. 

The process is evidently reversible. The heat is taken in at Tj and rejected 
at 

^ T — To 

/. the efficiency of the cycle = - ^ 


The heat received for every pound of water evaporated = L^ 
the heat converted into work per pound = Lj x 


(T. - T,) 
T. 


In practice the last step is not taken, namely, compressing the substance 
adiabatically to the temperature Ti. Thus the substance in practice does not 
receive all its heat at the highest temperature, but at temperatures lower than Ti. 


Steam-engine not taking in all its Heat at the Highest Temperattcre (Rankine Cycle), 

Let 1 lb. of water be heated from To to Ti, then converted into steam and 
expanded adiabatically to To. Let it be condensed at Tg and returned to the boiler. 
To find the heat turned into work. 

In this case most of the heat is taken in at Ti, but a certain proportion of it is 
taken in between Ti and Tj. 

If a very small proportion of the heat be taken in at, say, T, then the efficiency 

T — T SOxfT — T^ 

of this amount = — and the heat converted into work = ^ . 

The total heat converted into work = 2 where 5Q represents the heat 

taken in at T. 
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rsmi'- T,; 

J in 


,) ^ L.(T, - T,) 

T.‘ 


iiliiiiK Uio, spiicifie heat ot wator as unity, 5Q = T, the heat required per pound 
aise water Irom to T., = T, - T„ and the heat required to convert 1 lb of 

t‘r afc ^I\ to steam at Tj = Lj. 

hoiHjforc taking the limit and integrating, we have — 

-'urk doiU5 per pound 

w 

■ w 

hn'k pen* pound 

. is obvious tliat if the whole of the wator is “|^| 
rouverted into steam, but has a dryness 


;n W -- 'l\ - ^r, ■ 




’k doni' pi'r pound of Steam hy an Engine 
using superheated steam (Did working on the 
liankine Cycle. 

im work dont^ is r(*.prcsented by the shaded 
ion ahedea of the tfunperature entropy 
:ram, 

ea ahedea area mabn — area mafn -}- area 
fbeg d* hedk — area JigeJc 

T.,) 



m u 


Fig. 479a. 


rti (r is the specific Iieat. 


+ a(T, - TO - loge 


% 


7. Dhiain tin* acliahadi(* equation for steam. One pound of steam is expanded 
turbiiu* from idO Ihs. absolute, pressure to 150 lbs. What is the dryness and 
line (if Mh‘ steaiu afits* (‘xpansiou? The volume of 1 lb. of steam at 150 lbs. 
,;iirr i-; Il'Dl rub. ft.; L, = H.W4 ; L„ = 801-2; T, = 824-4; T„ = 819-3. Knd 
the Vi'loeit.v acquired by the steam. 


A dia ha t ic Enj iintion. 


be iieiit rctiuired to produee I lb. of wet steam from water at To = Ti-To + aiiL. 
» hen this Wet, si tsun is e,xpanded adiabatically to To and then condensed, the 

..r.CA-Te) 


The heat rejected 

he t-ondeiiser must tlun-efore lie the di.no’’rcncc between these two quantities, 


k duue. per pound — To log,, + aqL,- 


lelv 


To 4- I Ji - 1 1 - 1 - I .> h.ig« 4- J - + ^2 loge 

lie licat rejected at 1’.. is tlie latent lioat at T„ = a-oLo, if x. is the dryness ; 
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entropy 


Fig. 480. 




X,Ij, 

Tx 


+ log.5 


This equation may be used to find tlie dryness 
of steam after adiabatic expansion bas taken 
place from Ti to T 2 , and also to find the volume 
of tbe steam after expansion. 

Substituting tbe numbers, given in the ques- 
tion, we bave — 


819-3/857-4 


'861-2V 824-4+ 


"819-3y 

= ^ 19 - 3 / 8^4 
861 '2^824 -4 J 

(1-040 + 0-005987) 
(1-0459) = 0-9954 


_ 819*3 
■ 861-2' 
8 19-3 
= 861-2 


Steam present after expansion = 0-9954 x 3-01 = 2 '995 cub. ft. 

In a steam-turbine, if tbe steam expand adiabatically without doing external 
work, all tbe energy is converted into velocity. Taking tbe above case — 


Loss of energy = (ajiLi ~ xJu^ + tj — L) 

This = ^ 

= 778(857-4 - 0-9954 x 8C1-2 + 5-4) 


V = V64-4 X 5'6'x'778 
= 529*7 ft. per second 


18. Find an expression for tbe Bankine or Clausius thermal efficiency for a 
steam-engine receiving saturated steam at the stop-valve temperature Td and 
exhausting at T^. Sketch an entropy-temperatm-e diagram, and show by means of 
areas bow this efficiency may be graphically represented upon it. (Inst. C.E., 
Oct., 1901.) 

19. Describe the Clausius-Bankine cycle commonly employed as a standard of 
efficiency in steam-engines, and obtain an equation for the useful work done per 
pound of steam in an engine working with this cycle. (Inst. G.E., Oct., 1898.) 

20. A steam electric generator on three long trials, each with a different point 
of cut-off on steady load, is found to use the following amounts of power : — 


Pounds of steam per hour 

4020 * 

6650 

10,800 

Indicated horse-power . . 

210 

480 

706 

Kilowatts produced . . . 

114 

290 

435 


Find the indicated horse-power and the weight of steam used per hour when 
330 kilowatts are being produced. 

Find in the four cases the amounts of steam used per Board of Trade unit (that 
is, per kilowatt-hour). 

In what way does regulation by varying cut-off differ as to economy of steam 
under varying load factors, from regulation by varying the pressure^ letting the 
cut-off remain constant ? (Bd. of Ed., Stage III., 1901.) 

Ans. 545 I.H.P. ; 7590 lbs. of steam; 35-26 lbs. ; 22-93 lbs.; 24-93 lbs.; 

22-97 lbs. 

21. Answer only 07^e of the following (a) or (b ) : — 

(a) Find the algebraic formula in common use for the effective pressure in 


QUESTIONS WITH SOLUTIONS, 


48! 


a cylinder, taking the nsnal hypothetical indicator diagram; expansion law, 
constant.” Take two cases: when n = 1 and when n has any other value. 
Take initial pressure as xh , back pressure as 

(b) If it he taken that 1 lb. of water receives 1 unit of heat for every degree of 
rise of temperature, find the entropy of 1 lb. of water at any temperature. Now 
write out in terms of the temperature, the entropy of 1 lb. of stuff which is 
10 per cent, water, 90 per cent, steam. (Bd. of Ed., Stage III., 1903.) 

22. Rankine cycle, perfect steam-engine, with dry steam at expanded 
adiabatically to : find a formula for the work done per pound of steam. How 
do we find the answer graphically ? (Bd. of Ed., Hons., 1899.) 

23. A perfect steam-engine, Rankine cycle ; given the higher and lower tempe- 
ratures and initial wetness or amount of superheating. Using a, tcp, diagram, show 
How you would find the work done per pound of stuff. If the stuff is released, 
before the end of the expansion, show the amount of lessening of work done. 
(Bd. of Ed., Stage III., 1899.) 

24. A pound of water at 0° 0. is heated as water to 150° 0., and then converted 
into wet steam at the same temperature, with (p = 69-21 lbs. per square inch, 
6*168 cub. ft. per pound) 20 per cent, of water in it. Find its intrinsic energy 
and its entropy. (Bd. of Ed., Stage II., 1899.) 

A 71 S. intrinsic energy = 928-6 B.T.XJ. or 616° C. ; entropy = 1*3837. 

25. Using the following information, draw a 0tf> diagram for water and steam : — 


(P c. 


Entropy of 

1 Lb. of water. 

Eotiopy of 

1 lb. of steam. 

Volume in cubic 
feet of 1 lb. of 
steam. 

100° 

14-7 

0-313 

1-749 

26-43 

150° 

69-2 

0-441 

1-623 

r 6-168 

200° 

226 

0-556 

1-536 

2-031 


State the amount of heat that is represented by 1 sq. in. of area of your diagram. 
In the expansion of 1 lb. of stuff the following pressures and volumes are given 


V 

226 

69-2 J 

14-7 

V 

1*70 

j 6-56 1 

26-1 


Mark these three points on the dcj) diagram. How much heat is given to the 
stuff during this expansion? (Bd. of Ed., Stage III., 1905.) 

Ans. 13-2 pound-Centigrade units. 

20. What do you understand by the terms “wet steam’’’; “dry saturated 
fit earn ” ; “ superheated steam ” ? Calculate the quantity of heat to form 1 lb. 
of steam at 100 lbs. per square inch (temperature, 164° C.) from water at 30° C. : — 

(^ 1 ^) when its dryness factor is 0*9 ; 

(5) when it is dry and saturated ; 

(c) when it is superheated at constant pressure to 300° G., assuming the 
mean specific heat to be 0-525. 

Mark on the temperature-entropy diagram the point corresponding to 1 lb. 
of steam with a dryness factor of 0*9, and cross-hatch the area representing the 
heat added after the water passes the temperature 70° G. 

(Bd. of Ed., 1914, Lower.) 

Answer . — The formulae for the total heat and latent heat of 1 Ih. of steam 
in pound-Centigrade units are — 

Total heat = 606-5 -f 0*305^°’ (saturated steam) 

Latent heat = 606-5 — 0*695^° 

Total heat = 606-5 -b 0-305i{° + (T{ts - t) (superheated steam) 
where t = temperature of the st$am corresponding to the pressure, and ts is the 
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actual temperature of the steam. The numerical answers are ; wet steam, 577*2 
C.H.U. ; dry steam, 626*5 G.H.U. ; superheated steam, 697*9 O.H.U. 

27'. Dry steam at a pressure of 160 lbs. per square inch absolute, expands 
adiabatically to a pressure of 15 lbs. per square inch absolute. Find from the 
temperature-entropy chart the dryness of the steam after expansion and the work 
done per pound of steam, assuming the Rankine cycle is followed between these 
limits of pressure. If the expansion can be represented by the equation PV'^ = 
constant, find the value of n for adiabatic expansion- (London B.Sc., 1911.) 

Answer. — The dryness after expansion from the t — cj> chart = 0*868 

Work per pound of steam = 135000 ft.-lbs. 

To find the index n select two points on the expansion line, and note the 
pressure and volume at each point. 

Pi = 160 lbs. ; Vi = 2*83 cub. ft. 

V,, = 20 ; P 2 = 17*4 lbs. 

• 160 X 2*83'^ = 17*4 X 20’^ 


Taking logs, 
and 


log 160 ~ log 17*4 _ 2-204 - 1*2045 
“ log 20 log 2*83 “ l*3dl0 - 0*4518 
n - 1*134 


28 . Define entropy, and prove that the change in the entropy (j> when water is 
raised in temperature from Tg to T^ and then completely evaporated is expressed 
by- 

<^, = log.|+^j 

where Li is the latent heat at T^. 

Calculate the change in the value of (f> when water at 72° F. (40° C.) is raised to 
392° F. (200° 0.) and evaporated; L = 841*5 B.Th.U. (467*5 G.PI.U.). (Shefi. 
Univ.) Ans. Increase of entropy = 1*459. 

29 . Steam 10 per cent, wet, at a pressure of 105 lbs. per square inch absolute, 
is expanded adiabatically to 20 lbs. per square inch absolute. Find the wetness 
at the end of expansion, and find the weight of steam condensed per pound of 
steam used. Find also the heat per pound contained in the steam after ex- 
pansion. Use the following data : — 


Press, lbs. per sq. in. 
abs. 

. Temp. °F. 

Entropy of 1 lb. of 
■water. 

Total entropy of 1 lb. 
of steam. 

105 

331 

0-480 

1-605 

20 

227*8 

0-337 

1-736’ 


(Shefi. Univ., 1914.) 

Ans. Wetness after expansion = 17*38 per cent. ; weight of steam con- 
densed per pound = 0*074 lb. ; heat in steam after expansion = 990*3 
B.Th.U. 

30. In a jacketed steam-engine 20 per cent, of the steam admitted to the 
cylinder is initially condensed ; and during the expansion process one half of 
the heat transmitted to the cylinder walls is returned to the steam in the cylinder 
at a uniform rate as the temperature falls. Find the dryness fraction at release. 

Initial pressure (absolute) 150 lbs. sq. inch. 

Initial temperature 358*5° F. (181*4° C.). 

Release pressure (absolute) 40 lbs. sq. inch. 

Release temperature 267*3° F. (130*4° 0.). 

Illustrate your answer by showing what takes place on an entropy- temperature 
diagram. (London B.Sc. Eng., 1913.) Ans. 84*2 per cent. 

31 . One pound of wet steam expands from an initial pressure of 100 lbs. per 
square inch absolute to a pressure of 30 lbs. per square inch absolute, at which 
pressure it is found to be dry and saturated. Find the quantity of heat received 
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or rejected during expansion, assuming that the equation to the expansion curve 
is PV = a constant ; and find the initial dryness fraction of the steam. (Bd. of 
Ed., Higher, 1913.) 

A7ZS. Dryness before expansion = 92*9 per cent. ; heat added = 133 B.Th.U. 
per pound. 

32. Use the temperature-entropy diagram to find to what temperature steam 
must be superheated so that after adiabatic expansion from 50 Ibs.^per square 
inch absolute to 10 lbs, per square inch absolute the steam shall be dry and 
saturated. Find the increase in the efficiency of a Rankine engine using steam 
in this way {namely, by superheating to just the extent required to cause the 
stearn to be dry at the end of expansion) compared with a second Rankin e engine 
working between the same limits of pressure but with no superheating, so that 
the steam is dry aind saturated when expansion begins. (Bd. of Ed., Higher, 1913.) 

.4ns. Temperature before expansion, 467° F. ; efficiency of Rankine 
cycle (i) with saturated steam, 11*53 per cent., (ii) with superheated 
steam, 12-35 per cent. 


IV. THE SLIDE VALVE. 

1 . Prove the correctness of the Zeuner valve diagram. 

A valve has an outside lap of 1 in., inside dap of 0*3 in. It is worked by a 
gear, giving in two positions the following values of the half- travel and advance 


Half-travel .... 

3*12" 

2-12" 

Advance 

0 

0 

00 

51° 


Find the two probable indicator diagrams, neglecting shortness of connecting- 
rod. Take any initial and back pressures you please. (Bd. of Ed., Stage II., 1900.) 

Proof . — Let 00 (Fig. 481) be any position of the crank making an angle a with 
the centre line of the engine. Let OE be the position of the eccentric at the same 
instant, and be made equal to half the valve-travel. If EF be drawn at right angles 
to the centre line, OF is the travel of the valve from its mid-position, neglecting 
the angularity of the eccentric rod. Draw OD perpendicular to 00 ; then EOD is 
the angle of advance. In the Zeuner diagram, draw AB equal to half the travel of 
the valve and making an angle 6 equal to angle of advance with AM. Let AH be 
the position of the crank, making an angle a vdth the centre line, and cutting the 
small circle in G. It is required to prove AG = OF. 


a -b 0 + angle EOF = 90° 
a + 0 + angle GAB = 90° 

/. angle EOF = angle GAB 
Also angle EFO = angle AGB, both 
being right angles 
and OE = AB 

the triangles EFO and AGB are 
equal 

AG = OF = travel of the valve 
from its mid-position when the 



Fig. 



crank makes an angle a with the centre line 


2. Having given the laps and the travel of a slide-valve and the angular advance 
of the eccentric, show how to find the position of the piston for each event in the 
steam distribution in both strokes, the ratio of length between the connecting-rod 
and crank being known. (Inst. G.E., Feb., 1898.) 

3. The length of a crank is 14 in., the slide-valve has half-travel of 2| in., its 

lap is 1| in., and its lead I in. At what distance from the end of the stroke 
will the piston be when the steam is cut off if the obliquity of the connecting- 
rod is neglected ? Prove that the Zeuner diagram gives correct answers when the 
motions are simple harmonic. (Inst. C.E., Feb,, 1899.) Azis, 11*2 in. 
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4. Describe with sketches a piston slide-valve, showing its seat and the cylinder 
ports. (Bd. of Ed., Stage II., 1900.) 

5. Show the position of a slide-valve at the beginning of the stroke of an engine. 

A slide-valve has half-travel 2*10 in., advance 40^, lap 1 in., inside lap 0’3 in. : draw 
a possible indicator diagram. Prove your valve diagram to be correct. (Bd. of 
Ed., Stage IL, 1901.) Ans. Cut-ofi, 0*68 ; lead, in. 

6. Sketch a simple slide-valve, showing cylinder ports and no more of the 
cylinder ; show the valve in its mid-position. Show in dotted lines the position 
of the valve when the piston has just begun its stroke. What do we mean by 
outside lap of a valve, inside lap, advance, and half-travel? The half-travel is 
3*36 in., advance 42*^. What simple dia^am enables us to find the distance of 
the valve from its mid-stroke for any position of the main crank ? Prove it correct. 

Having such a diagram, we obtain the openings of the port to steam or exhaust 
by subtracting the outside or inside lap: explain how this occurs. (Bd. of Ed., 
Stage III., 1903.) 

7. Given the travel and advance of a valve, show how we find graphically, for 
any position of the main crank, the distance of the valve from the middle of its 
stroke. Prove your method to be correct. (Bd. of Ed., Stage II., 1904.) 

8. A slide-valve has a half-travel of 3 in., and its advance is 55°. Make a 
diagram showing the position of the valve for any position of the main crank of 
the engine. Prove yourself correct. (^Bd. of Ed., Stage II., 1905.) 

9 . Prove the truth of the Zeuner metnod of showing the displacement of a slide- 
valve for any position of the crank. Half-travel 2 in., advance 30°, lap J in., inside 
lap 0-2 in. : draw the probable indicator diagram, using any initial and back 
pressures you please. Measure and write down the positions of the point of cut-off 
and of the commencement of the exhaust and compression. (Bd. of Ed., 1899.) 

Ans. Cut-off, 0*805 ; exhaust, 0*95 ; compression, 0*91. 

10 . Make a sketch of a Stephenson link motion, and saywhat are its advantages 
and disadvantages. 

Show by the Zeuner diagram how the points of admission, cut-off, exhaust, and 
compression are affected by notching up the link. 

11 . In a Meyer valve gear the travel of the main valve is 4 in., and the 
angle of advance 22|°. The travel of the expansion valve is 4 in., and the 
angle of advance is 90°. Find the distances from the edge of the expansion valve 
to the* edge of the main valve to cut off the steam at 0*2 and 0*5 of the strolre. 

A71S. At 0*2, distance = f in. ; at 0*5, 1| in. 

12 . Find the distance from the edge of the expansion valve to the edge of the 

main valve to cut off steam at 0*4 of the stroke. Travel of expansion valve 4 in., 
and advance 90° ; travel of main valve 3^ in., advance 30°. Find lap of main valve 
to cut off at 0*8 of the stroke. Ans. Distance, 1^ in. ; lap, j-Jin. 

13 . Sketch the steam-chest and cylinder ports of an engine fitted with Meyer’s 
variable expansion valves and gear, placing the valves in their central position. 
Explain clearly how the valves are worked, and how the cut-off is varied. 

In an engine fitted with Meyer’s adjustable expansion valves, the eccentric for 
the main valve is set with an angle of advance of 25°, and the eccentric for the 
variable expansion valve or plates is set with an angle of 82°. Both eccentrics 
have a- throw of 2J in. and the main valve has in. outside lead. What is the 
position of the piston as measured from the commencement of its forward stroke 
when the main valve opens for steam, the full stroke of the engine being 36 
in. ? Determine also, by means of the Zeuner diagram, the distance the 
piston has travelled from the commencement of its stroke when the expansion 
valve, as set to its highest grade of expansion, cuts off steam ; and how much 
would the expansion-plates require to be moved in order to cut off steam at 0*6 of 
the stroke of the piston ? (Bd. of Ed., Hons., 1897.) 

Ans. (1) in. ; (2) 3J in. ; (3) in. 

14 . What are the advantages of a multiple-ported slide-valve ? Sketch a double- 
ported valve, and explain the use of the relief or equilibrium ring. 

15 . Sketch and describe the. piston valve, and state under what circumstances 
it is used. 

16 . The o-utside lap of a valve is If in., the lead is J in., and the greatest 

opening for steam is in. What is the travel of the valve, Ans. in. 
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17. Draw a Zcuner valvo diagram for a valve having |-in. lap, J-in. lead, iVin- 
negatiivo lap, and mark the points of admission, cnt-ofE, release, and compression 
for a M-in, travtd and a 2-iii. travel of the valvo respectively. 

18. 'I'lie outsido lap of a slide-valve is ;| in., the lead | in., and the maximmn 
op(‘ning of th(‘, stt^ani ])ort for the admission of steam is l.i- in. Find the 
ecictaitrieitiy and the angle of advance of the eccentric. Give such sketches as 
will show the crank and crank-shaft with the eccentric fixed in correct relative 
positioji for forward running ; indicate on the sketch the eccentricity and angle 
of advanc‘(‘ as found al)ovo. 

19. A valvi' Inis a half-travel of 3 in., advance 35®, lap IJ in., inside lap 
I in. l)ra\v a, possihh*. indicator diagram. Prove your valve diagram to be 
cornset. (Ihl. of Md., PK)2.) 

20. What is nu'ant hy tlie “angle of advance” of an eccentric? How would 
you timl th(‘ angle, of adva.nct‘., having given the lap and lead of a valve? 

21. Prove, the truth of the Zc-uner method of showing the disx^lacomeiit of a 
slidi' valvc for -any jiositiou of the c.rank. 

I ralf-triivo.l 2 in., advaiu;e 30®, lap 0'75 in., inside lap 0*2 in.: draw the 
probahlc indicator diagram, using any initial and hack x>i’ossuros you ideaso. 
Mtuisurt.* Hiid write down tla; [sisitions of thii })oint of cut-off, and of the com- 
miUHMiment of exhaust and of compression. (Bd. of Ed., Stage II., 1899.) 

( Uit-olT, t)*H in. ; exhaust, 0*95 in. ; comx)ression, 0'91 in. 

22. A hori/.outal tuigiiic is fitted with the ordinary slide-valve and a single 
ci-cr-ntric giving a fixed cut-off at, say, three-quarters of the stroke. State clearly' 
and show hy slo'tc.hes the alterations in the parts that would bo necessary in 
order that tlie <’.ut-olT should he altered so as to take pdace at two-fifths of the 
stroke. (Bd. of Md., Stage II., 1899.) 

23. Sk«d.c.h a piston vaiv(‘. in its mid-position, showing both the valve and the 
steam ports in section. Steiam is to bo admitted on the inside of tho valvo. The 
valv«^ is assunuid to be driven by a simpdo eccentric gear. Find the angular 
advamut, the tureen trie radius, and tho steam lap), so that cut-off may take place 
at VA) pjT e.<jnt. of the, strokes, that the maximum opening for steam is 2”, and that 
t ins lead is }'/, NegUset the ublifjuity of tho connecting rod. (Bd. of Ed., 1912.) 

ddi(i Hughs of udvamse is 220”, or the eccentric is 220 + 90® ahead of 

the. t.srauk ; etsccsntric radius, 5*2H in. ; steam lap, 3*28 in. 


Wahchcwrt Valve (tear. 

d’his is a riulial valve gear and is similar in principslo to tho Joy, Hackworth, 
and other radial gears. Radial valvts gears like link motions allow of ready 
revtsr.sal ami erhange of cut-off point. This gear is largely used in locomotives. 

Fig. 4H2 illustrahss the principle of the gear. A lover VB has one end B con- 
jseetetl to th(s crosshtsad hy a link AB, the other end V being connected to tho 
valve. A point b’ iHstweeii 15 and F is (ronnected to a link BD which oscillates 
alHHil a, centre G. The oscillation of the lisik is produced hy a small crank 00 
and rod (’D. The position of this ])lock U in the link can be readily changed hy 
the rod H and tho lewasrs shown. When His raised above tho centre G of tho 
link, the. tmginc is resversed. 

Radial valve gtsars may iso ('considered to consist of two cranks attached to a 
lever hy eounexhlng rods, one p)oint in tho lever being connected to tho valvo rod. 
(hie of the (Taiiks always makes 90” with the engine crank, and the other crank is 
always dtiie.r 0” or IHO ’ jihead of the engine crank. In the Walschaert gear 
the IHO di'gree crank is obtained hy p)lacing the point V beyond tlio point F, so 
tiiat the point V always mov(5S in tht; opposite direction to tho erosshoad, if F is 
conHidiintd as a lixiul point, d’he. 90” c.nink is oldained by p)hicing an eccentric 
ttr SOUK* (’(luivahmt d(wic.(i at an angle of 90” with tins engine crank. Tho lever 
VFPtliUs has tins lower (uid B eoutrolled hy a 180® crank and another p)oint 
F {’ontrolled by a 90 crank. Tho point V, which moves the valvo, is p)laced 
heyojid F. 

Th** gcai* may Ixj first examined by considering tho block B to bo in the centre 
of the link ; then the useillatiun of the link hy the 90° crank will not move either 
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the block R or the point F. Thus the motion of V will depend o^y on the 
movement of the crosshead and the ratio of VF to FB. The point F is selected 
so that the half-travel given to F is eqnal to the sum of the lap -and the lead, 
When the crank is on a dead centre, the point B will be in its e-xtreme position, 
and assuming the block R is in the centre of the link, then the point Y will have 
moved the valve a distance equal to the lap and the lead from its mid-position 
and the port will be open an amount equal to the lead. 

When the crank is on a dead centre, the 90° crank will be vertical and the link 
will also be vertical and be in its mid-position. As the radius of the link FT 



is equal to FB, the block R may be moved from one end of the link to the othe 
without changing the position of the point F or the point V. Hence for al 
positions of the block in the link the valve is in the same position when th 
crank is on a dead centre, or the lead is constant 

The movement given to the block R by the 90° crank depends upon the radiu 
OC and the ratio of G-R to GB. Considering B to be stationary, the movemen 

YB 

of the point Y is greater than the movement of R by the ratio 

An equivalent eccentric and its angle of advance may be obtained which wi] 
give to the valve a similar motion to that given by the gear for any position o 
the block in the link. Either a graphical construction or a formula may be use< 
to find the equivalent eccentric and its angle of advance. 

A first approximation may be obtained by neglecting the obliquity of th 
connecting rod and eccentric rod, and considering the motion to be simpl 
harmonic motion.' 

Let the engine crank move through an angle 6, measured fi>om the dead centr 
position ; then the displacement of the crosshead and of the point B from thei 
central positions is Tj cos d where Ti is the length of the engine crank. Th 
displacement of Y from its central position due to the 180® crank will there 

YF YF 

fore be cos 0 = A cos 6, where A = 

JdJd JDJj 

Again, the displacement of D from its central position due to the movement c 
the 90° crank is r., sin 6 where is the radius of the 90° crank. The displacemen 

GR 

of R from its central position will be sin 6, The displacement of Y fror 


its central position will be 


YB GR . ^ ^ 


where B : 


YB GR 
EB ■ 


Hence the total displacement of the valve from its central position 


= ^ = A cos 0 + B sin 6, 
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Tlie value of J/ is a maximum when ^ = 0. 
<3.ifEerentiating and oc[uating to zero — 

— A sin 0 + S cos 0 0 

■o 

and tan 6 = - 
A 

angle of advance = 90-0° (see Fig. 483). 
Tlie 180° crank is = A, and the 90° crank = B 
the equivalent eccentric = OE = V A^ + 
from which it will also he seen (Fig. 484) that cotan 




B 



Fig. 483. 



Fig. 484’. 


The value A of the 180° crank is fixed in this gear, 

1:>\it the value of B may be altered by moving the block 

iri the link. As B is reduced in value, it can bo seen (Fig. 484) that the 
Oi3a.gle of advance (p of the equivalent eccentric becomes greater. When B = 0, 
hliait is, the block, is in the centre of the link, <p = 90°. When the block B is 
iixoved above the central position, B becomes negative and the 
ongino is reversed. 

The advantages claimed for this gear are— 

X. Good and uniform distribution of steam at various cut- 
offs and on both sides of the piston. 

Simple and easily repaired mechanism. 

B, Very convenient when the valves are on the top or under- 
rxoath the cylinder. 

214. Make an outline • sketch of either a link motion or a 
roid-ial valve gear. State briefly the special advantages of the 
■fciy^po selected. (Inst. M.E., April, 1914.) 

26. Sketcli in outline the Walschaert valve gear as used in locomotives. ^ In 
t»iio Walschaert gear a lover ABO is used. The lower end A of the lever receives 
iba motion from the crosshead and 
mo-ovos a horizontal distance of 12 in. 

'Uho upper end G works the slide valve. 

Ttio p>ohit B between A and 0 receives 
itH motion from the curved link. The 
onrved link oscillates 16 degrees on 
oaicB side of its moan position, and 
hlxo block which slides in the link is 
3 in. from its central position. Find 
t*bLe eccentricity of a single eccentric 
ti,ncl its angle of advance which would 
^ivG the same motion to the valve as 
in obtained by the gear. 

Batio AB : BO : : 8 : 1. 

( Shroff. Univ.) 

Ans, Eccentricity 1*25, in. ; 
angle of advance, 38° 

Valve Diagram Problems. 

JProhlem 1.— Given the point of cut- 
off, the angle of lead, and the greatest 485. 

opening to steam, find the steam lap, 

n-ngle of advance, and the travel of the val^. r^ra-nk HD at 

X)raw auy circle, ACi^ (Pig. i85), and find the position of the crank JIU at 
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cut-of by selecting tbe point E so that is the fraction of the stroke at which 

cat-off takes place. Draw ED perpendicular to AE to meet the circle ACB at D. 
Draw HG making the angle GHF = angle of lead. Bisect the angle DHG by 
HK and join DG, which will he perpendicular to HK. 

Then HM is to MK in the proportion of the required lap to the port opening, 
and the determination of the lap is a matter of simple proportion. Draw KIi 
making any angle with HK and make KN = the given greatest port opepiing. 
Join MN and draw HK parallel to MN. Then CHK is the required angle of* 
advance ; KB is the half -travel of the valve, and BN the steam lap. 

26, Cut-off takes place at | of the 'stroke ; greatest opening to steam is 1\ in. ; 
angle of lead, 4°. Find the angle of advance, steam lap, and travel of the valve. 

Ans. Travei, 6*2 in.; lap, 1*85 in. ; angle of advance, 41°. 
Problem 2.— Given the point of cut-off, the lead of the valve and the greatest 
opening to steam, find the angle of advance, the travel of the valve, and the 
steam lap. 

Draw any circle, ACB and find the crank position HD at cut-off as in Problem 
1. Draw GK parallel to AE, and at a distance from it equal to the given lead. 
With centre H draw an arc of a circle MN with a radius = given greatest opening 
to steam. Find a circle having a centre L to touch the arc MN and the lines 
HD and GK. The centre L is found by trial. 



Then HL = the half-travel of the valve, LB = lap, and the angle LHA = the 
angle of advance. • 

27. A slide valve cuts off at 0*80 of the stroke. The lead is J in. and the 
greatest opening to steam 11 in. Find the angle of advance, the half -travel, and 
the steam lap. 

Ans. Angle of advance, 27J°; half-travel, 5*2 in. ; steam lap, 1*1 in. 

Problem 3. — Given the point of cut-off, steam lap, and lead, find the travel 
of the valve and the angle of advance. 

Draw any circle ACB (Fig. 487), and find the crank position HD at cut-off as 
in Problem 1. Make HG = lap -f- lead, and HK = lap). Bisect HK at L, and 
HG at M. Erect perpendiculars from L and M to meet at N. Then the angle 
CHN is the angle of advance. HN is the quarter-travel of the valve. The 
steam circle of the Zeuner valve diagram may be drawn with centre N and radius 
HN. 

28. The lap of a valve is 1 in.; cut-off takes place at J of the stroke ; lead, 
I inch. Find the travel of the valve and the angle of advance. 

Ans. Travel of valve, 3*45 in. ; angle of advance, 40 \ 
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Prohh')ti^ -1 — ^To sliow tho effoct of the longfeh of the connecting rod on the out- 

t»lT, as.si:mi!i.i; t>qual load at Ijoth ends of tho stroke. 

tho valve diagram to ho drawn in the usual manner then, neglecting 
tho. h'.ngth i>t tho counocting rod, HD (Fig. 488) represents the crank position 


wliou ont-off takf^s place, and 


the 


AF 

stroke: at which ciit- 
on both sides of the 



fraction of th(‘ 
otT Italics plata.i 
piston. 

'I’t-j find tint actual positions of the 
piston at (nit-(>n’, prodiit^o DU to K ; 
usual with a coniuH-ting rod say four 
cranks long, draw arcs of circUis DG 
and KM wit.ii ra<lii cipial to four times 
H 1 >, Then the fraction of stroke at 
whitth ciit-oll take.s place on the in- 

sd rokc is ^ and on the oiitstroke 

A M 
A K* 

Similarly, the positions of tho piston 
wlum release, c.omprcssioM, and ad- 
nn >;.ion (snnnienctg may ho shown for 
httlh the. inward and outward stroke 
of tlui piston, 

ti0. The, travt‘1 of a slide valve is 4 in. ; atoam lap, J .in. , angle of advance, 
:ur‘. Kintl the, point of cut-off 011 both side's of tho piston if the connecting rod 
is four cranks long. Am. Instroke, 0-70; oiitstroke, 0-82. 

30. A piston valve distrihiites steam to a c.ylindor by inside admission. Gut- 
oO i;. to take plaee at 70 per cent, of the stroke. Tho maximum opening of tho 
hteam pfU't during admission is to be 2 in., and tho load is to be ^ in. 
Kcle!i c is to lakt‘, phuM! at 1)7 |H‘.r (xmt. of the stroke. Find tho steam lap, tho 
t:\haJi.sl la]>, the radius of the eiic.entrio sheave and tho angular advance, neglect- 
in;'. the effee.t of tin*, obliquity of the eounocting rod. 

Slieleli, to u Miitahh^ Hc.al<i, the valve in its eenti'al position over tho ports, 
uan;', the jollowing dinumsions: Steam ports, 8 in. wide; distance between 
the inner edge* of the ports, 15 in.; width ef central port, 8 in. Sketch 
ai l* an »'nd view of the crank-shaft, showing tho centre lino of the main crank, 
t in' ci nire hue of the eia-entric slaaive radius, and mark on tho sketch the angle 
iHiween them. (ikl. of Kd., 11)14, Higher.) 

Ju.w Steam lap, 21 in.; ejihaust lap. Lit in. Tlw) occcntric for a valve having 
in.nd*’ admission is set diametrically opposite to its position with outside 
adnu idon. 11 if is tin? angle ef advance for outside admission, then the centre 
hui* of the I'cismtric. i.s lu'hind the c.rank an angle of f)0°-— f). 
h’ig 4 S'.) shows the, ridative positionB of tlio crank and the 
cci-ent ric, 

31 'rhi' main v;ilv<? of a. Meyer valve goar travels 4 in., 
flic uicde of udvanc'c. being ; the expansion valve travels 
l| in., tlie angle of advanc<? b(?iiig L"ind tho distance 

fiHin t in' etige nf the (iKpansion valve to the outside edge of 
ili.' steam purl in the main valve, so as to cut ell at ()’45 
of the st riike. I’rosi* your construction. (Shofliiild Univ.) 

Am. 1*01 in. 

The Meyer valv(‘ and tho construction of the Meyer 
explained on p. H4. , , , f .r 

of l a/./r /fjf/f/rmn.- - IM GF (Fig- 490) bo the halt-travel of the 

m.iin valve, and the' angle XOF the. angh? of advance of the main valve occo-ntric. 
I, - - . 

s 

dtaimd-cr:^ 
main 
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valve diagram is 


ii.iin vaivc, anu inc' angle Av/Ci itic, augn? ui jwivtiuuu VTCL, A i 

,.'i < )1T he t.he half-travel ef tho expansion valve, and the angle XOF ohe angle 
*f advaiic'c td th**, (expansion valv(‘. eccentric. Describe circles on OF and OF as 
uetrrg Let Of* he any pe.sition of tho crank, then OB is tho travel of the 
n valvi: from its central position, and OA is the travel of the expansion valve 


490 QUESTIONS WITH SOLUTIONS. 

from its central position (see proof of Zeuner valve diagram, p. 483), Therefore 
AB is the relative travel of the valves. 

Join EE' and draw OC equal and parallel to EE'. Describe a circle on EE' as 
diameter, then the chord OD is the relative travel of the valves for the crank 
position OP, and is equal to AB. • ' 



Join CD, BE, BE'. The angles at GDO, E'AO and EBO are right angles, 
being angles in a semicircle. Hence OD = AB, as they are the projections of 
equal and parallel lines 00 and EE' on OP. 


V. THE IlSlDIOATOR. 


1 . Steam enters a cylinder at the absolute pressure 120 lbs. per square inch, and 
expands according to the law “jpv constant.” Neglect clearance and cushioning, 
and use the ordinary hypothetical diagram. Constant back pressure, 27 lbs. per 
square inch. 

Take the following values of the cut-ofE : half stroke, quarter stroke, eighth of 
stroke. Find in each case the effective pressure. The area of the piston is 
1 sq. ft. ; stroke, 2 ft. What is the work done per stroke ? How many 
cubic feels of indicated steam are used per stroke ? What is the work done per 
cubic foot of steam entering the cylinder? Tabulate your answers. (Bd. of 
Ed., Stage II., 1903.) 

Ans. M.e.p. 74*586, 44*589, 19*191 ; work per stroke in foot-lbs. 21,480, 12,841, 
5527 ; work per cubic foot, in foot-lbs. 21,480, 25,683, 22,108. 

If the effective pressure in a steam-engine cylinder is taken to be (assuming 
no clearance or cushioning) — 






where is the initial pressure, the back pressure, and r the ratio of cut-off, 
write out the work done in one stroke and the cubic feet of steam admitted for 
one stroke, and so find Wy the work done per cubic foot of steam. If jpi = 120, 
^3 = 17, calculate w for some values of r, and plot on squared paper or in any 
other way you please ; find r to give a maximum w. (Bd. of Ed., Stage II., 1904.) 

Ans. r = 7*06. 

3. Steam enters a cylinder at 150 lbs. (absolute) per square inch. It is cut off 
at one-fourth of the stroke, and expands according to the law constant.” 
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'Vn n “ pfossuro (absolute) in the forward stroke. If the back pressure 

IS {l)M. (a,l)so]utc) per square inch, what is the average effective pressure*? If 
aresi, of the c.ross-sectioii of the cylinder is 126 sq. in., and 'the crank is 
li in. long, wiiat work is done in one stroke? Neglecting clearance and 
eomlensataoii, what volume of steam enters the cylinder per stroke? 

If the aduutti'.d steam has a volume of 3 cub. ft. to the pound, what is the 
h’ admitted per stroke ? What work is done per pound of steam *? 

(Ikl. of .h(i., Stage IT., IhOl.) 

-Iw.s. ; 72-48 ; 16,740 foot-lbs. ; 0*401 cub. ft. ; 0-134 lb. * 124 925 
foot-lbs. ’ 

4. Take a hypothetical^ indicator diagram—no clearance, constant back 
ptessure 17 lbs. per square inch. Let friction of engine be represented by 10' lbs. 
per H(|uare iucli on the piston. Expansion l&w pv constant ; cut-ofi at one-third 
of the stroke ; area of the piston, 100 sq. in. ; crank 1 ft. ; 200 working 
strokes per minute. Steam of the following initial jiressures being admitted, find 
m (‘.ach (‘.ase tiie crank-shaft horse-power, and the weight of indicated steam per 
hour. Tabulate the results, and pdot upon squared paper. The following 
mforination is given ^ 


Absolute prosHiire of admitted steam,'! 

t>oumls p(ir square inch . . . ) 

Cubic feet of 1 lb. of admitted steam 

50 

8*34 

100 

4*356 

150 

2*978 

(Bd. of Ed., Stage 1X1., 1901.) 

J us. - - 

Pressure of steam admitted . . . 

50 

100 

160 

Horse-power 

9*66 

■ 52-04 

94*41 

Weight of steam indicated in pounds 

666*1 

1276 

1 

1865 


5. Hteam is admitted to the cylinder of a double-acting engine at 80 lbs. per 

square inch. The back pressure is 17 lbs. per square inch. The friction of the 
engine may bo taken to be ropresentod hy a back pressure of 8 lbs. per square 
inch on the piston. Eind the cut-ofi to give maximum actual work per cubic 
foot of steam, taking,“jn; constant” as the law of expansion. Neglect clear- 
ance, cushioning, and condensation. If you use a formula for the average pressure, 
provtj it correct. (Bd. of Ed., Stage 111., 1900.) Ans. p,.. 

6. Initial ])rc‘.ssure of steam, 180 lbs. per square inch ; back pressure, 17 lbs. per 
squarti inch; ciit-otT at one-third of the stroke; area of piston, 112 sq. in.; and 
length of e.rank, 1 ft.: what work is done in one stroke? What is the weight 
of shnim usi'd in oiui stroke if the volume of 1 lb. of the steam is 2*51 cub. ft. ? 
If there are 2(X) strokes per minute, what is the indicated horse-power, and what 
wttigiit of steam is used per hour, neglecting cloaranoo, condensation, and 
huikagtj? (IM. of Ed., Stage II., 1900.) 

ibis. 24,397 foot-lbs. ; 0*206 lb. ; 2472 lbs. per hour. 

7. A.sHuming no clearance; emt-ofi at ono-third of the stroko ; expansion 
ae.cording to tiie law constant”; what is the moan forward pressure as a 
fraction of the initial pressure? If the cross-soction of the cylinder is 144' sq. 
in., longtli of stroke 2 ft., what volume of steam is used per stroko ? If the back 
prcHHurtJ is 17 lbs, p(u* sciuare inc.h, and there aro 200 strokes per minute, find in 
the following two cases the indicated horse-power and the weight of steam used 
per hour. Nciglect clearance, condensation, and leakage. 

Initial pressure in pounds per square inch 180 100 

Volume in cubic foot of initial-pressure steam per pound 2-51 4'856 



I 


« 


i 
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Use squared paper to show the weight of steam per hour used by the engine ai 
any power. (Bd. of Ed., Stage III., 1900.) 

8. In question (7), with initial pressure 180, find the mean _ forward pressurf 
during a stroke. Neglecting the shortness of the connecting-rod, find tht 
pressure when the crank makes angles of 0°, 15°, 30°, etc., with its dead point 
and find the average of these. A simple new indicator measures^ this last, whicb 
is a time average, instead of the true or space average : what is its percentage 
error? (Bd. of Ed., Stage III., 1900.) 

9. Calculate the number of foot-pounds of work done per cubic foot of steam 

at a pressure of 120 lbs. per square inch (absolute) when expanded four times and 
exhausted against a back pressure of 3 lbs. per square inch (absolute) in a non- 
conducting cylinder having a clearance of 5 per cent, of the working volume, 
(The cubic foot includes the clearance volume.) You may assume hyperbolic ex- 
pansion, and that there is no compression, and, further, that release takes place 
at the end of the stroke. (Inst. G.E., Oct., 1901.) Ans. 36,053 foot-lbs. 

10 . Use the common hypothetic indicator diagram; expansion curve con- 
stant; ” no clearance or cushioning. 

A piston is 1 sq. ft. in area, stroke 2 ft., 200 strokes per minute : find the 
indicated horse-power if the initial pressure of the steam is 120 lbs. per square inch. 
Take two cases, one in which the cut-ofi is at half-stroke, the other in which the 
.cut-off is at one-fifth of the stroke. This steam is initially 3-67 cub. ft. per pound : 
find in each case the weight of steam used per hour. 

It has been found by observation that in the factory driven by the engine the 
number of yards of stuff made per hour is 7*81 — 320, where I is the indicated 
horse-power. Find the number of yards for each of your two cases. Tabulate 
your answers. State also the number of yards per pound of steam in each of the 
oases. (Bd. of Ed., Stage III., 1903.) 

Ans . — 


Cut-off. ' 

Mean pressure. 

i.rr.p. 

Steam per 
hour. 

Yards per 
hour. 

Yards per pound 
of steam. 

i 

5 

101*58 

177-3 

3270 

1063 

0-3261 

62-616 

109-2 

1308 

532*3 

0-4070 


11 . Describe the construction of an indicator and how it is usod. Give a sketch 
of a specimen indicator diagram from a steam, gas, or oik engine, and describe 
what each part means. 

What sort of information is given to us by an indicator diagram ? (Bd. of Ed., 
Stage II., 1903.) 

12 . Sketch indicator cards to show the following defects in a steam-engine : 
{a) excessive compression ; (b) too early cut-off ; (c) too early release ; {d) early 
cut-off, valve reopens at f stroke; (e) indicator drum working against the stop. 
(0. & G., Hons., 1892.) 

13 . Explain how to find the mean pressure of an indicator diagram containing 
loops. 

14 . Describe Richards’s indicator, and point out precisely the mechanism by 
which the pencil is actuated, giving the reason for the special construction. 

The barrel of such an indicator is 2 in. in diameter, and it vibrates through 
three-fourths of a revolution. The area of the diagram is 3^ sq. in., and the motion 
of the pencil is three times that of the indicator piston. Taking the moan pressure 
of steam to be 17^ lbs. per square inch, find what force corresponds to a motion of 
1 in. of the springs. (Bd. of Ed., Stage II., 1892.) Ans. 67‘5 lbs. 

15 . Sketch and describe the action of an indicator for measuring the power of 
an engine. If the scale of an indicator is 60 lbs. to the inch, the area of the 
diagram 3-98 sq. in., and its greatest length parallel to the atmospheric line 2| in., 
the crank of the engine being 13 in., the diameter of the cylinder 15 in., and the 
number of revolutions per minute 80, find the I.H.P. (Bd. of Ed., Stage 11., 1894.) 

Ans. 197’1. 
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16. Whui (laia an* required for calculating the I.H.P. of a steam-engine ? If 
I lit* diaita'tcr *1 the cyniider and the stroke of the piston be given, and you had 
ehar'a! uf an engine, how would you proceed to find the other data required to 
ii» t ermine iho l.lLIhV 1 )esc,rih(mvitli the aid of a sketch the construction and 
aetiuii of t he indiea,tor which you adopt. (Bd. of hid., Stage II., 1895.) 

17. Itesiu'iln' wit.h sk(‘tclH‘S tlui (uuistriudiuu of a steam-engine indicator. (Bd. 
m{ Kih, Stage ll., I'.Hth.) 

18. A singlea-vlinder douhh'-ac-ting condensing engine has its cylinder efficiently 
lagged, aiid receivts steam at an absolute iirossuro of 90 lbs. per square inch ; the 

til! tak(‘S place at one-sixth stroke, and tho hack pressure is 3 lbs. absolute. 
What nuiHti he the diameter of the, cylinder and stroke of tho engine in order that 
it ma>' indieate tihiK) hors<‘-power when running at 50 revolutions per minute? 
I’he stroke of the engine is twice the diameter of the cylindor. Hyp. log 6 = 1*791 

ilus. Diameter, 54*5 in. ; stroke, 109 in. 

19. !k'‘i<‘rilM‘ completely the. process of estimation of the horse-power of an 
engim* hy the use (»f an indiiaitor, and hy means of other necessary observations. 

Whal must he tla^ mean iutmisity of pressure per square inch if, for each 
euhi(‘ htot swept thnnigh hy tho piston per second, 15 H.I?. are developed? 
(Inst. 1905.) 57*3 lbs. per square inch. 

20. Steam enters a, eylinder at 50 lbs. jK^r square inch (absolute), is cut oflE in 
one easi^ at om* fifth, in anotlua* (uise at half the stroke. Find in each case hy con- 
st nietion (you may us(^ a formula if you prove it correct) tho average pressure 
♦luring the' stroke, the hack pressure Ixung 17 lbs. i)or square inch; find the 
iiidieaic‘tl work per eiihic’ foot of steam in tho two cases. What objections are 
them tii very tnirly cut-off? (Bd. of Kd., Stage 11., 1899.) 

Ans. G480 foot-lbs. and 7200 foot-lbs. 

21. 'Phe mean presHuro of tho usual hypotKotical diagram is— 

+ _ ,)„ 

r ^ “ 

where p, is the initial pressure, p., tho back pressure, and r is the ratio of 
expaUHion. Obtain this expression, and 
prove that the maximuni work per cubic 

had. of htemm is obtained when r = 

nogleetiiig all loHHoH. (Shefliold Univ.) 

Annwer. Let tiie eross-hatchod area in 
Fig, 491 rtipresent the liypotiietical dia- 
gram, tlm expansion curve following the 
law BV : constant. 

'Puke a narrow strip dp. 

'Phe are.a of tins strip " v . dp. 

Total area IndAveen the limits Pi and = 




}' J'i dp 

INi 

i'nJ ‘ 


sinc.e r 


PSi 

PsJ 

wliere r • 


'dp 

V 




log, 


'21 


2> 

■ log. 



. 

Pi 


'Potal area of diagram = log, r + 

, • , ^ VSi r + 

mean pressure or average height = — 






Also p., 
mean prossuro 


, Vo 


= and = r 
r Vi 

^ P,(l +logr'^) __ 
r 
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Let = mean pressure per square foot. 

V = volume of the cylinder in cubic feet. 

A = area of piston in square feet. 

L = length of stroke in feet. 

Work per stroke = X A x L. 

steam used per stroke with r expansion = ^ 

r 

work per cubic foot of steam = ^ x r 

A X L 

r 

Substituting the value of the mean pressure — 

Work per cubic foot = ^ 

= Pi(l + log, r) -'rp.. 

To find when this expression is a maximum, differentiate and equate to zero. 

Then — = 0 

r 

and r = -^ 

JP2 

22. The steam cylinder of a pump is fitted with an ordinary D slide valve. 
The eccentric radius is 2| in., the angular advance is 40°, and the outside and 
inside laps are respectively 1| in. and ^ in. 

The cylinder is supplied with steam at 45 lbs. per square inch gauge pressure, 
and the back pressure is 3 lbs. gauge pressure. Assuming that the law both for 
expansion and compression is PV = a constant, draw the indicator diagram for 
the cylinder, making the length of the diagram 3 in., and using a pressure 
scale 30 lbs. per square inch per inch. Cylinder clearance, .15 per cent, of 
effective volume ; atmospheric pressure, 16 lbs. per square inch. 

[Neglect the obliquity of the connecting rods.] (Bd. of Ed., 1914, Lower.) 

23. Eind the mean pressure for the following ideal indicator card : — 

Admission at constant pressure, 90 lbs per square inch gauge ; cut-off at 0*35 of 

the stroke; release at end of stroke; exhaust at 3 lbs.* per square inch gauge; 
compression so that at end of stroke the initial pressure is reached. Atmospheric 
pressure 15 lbs. per square inch. Expansion and compression curves, pv = con- 
stant; clearance, 5 per cent. (Sheffield Univ., 1914.) 

Ans. 54 lbs. per square inch. 


VI. QUALITY OF STEAM IN THE CYLINDER. 

1. We endeavour to prevent condensation in the cylinder of a steam-engine 
(a) by a separator, (h) by superheating, (c) by drainage from the cylinder, (d) by 
steam- jacketing, (c) by high speed. Explain how each of these methods tends to 
effect our object. (Bd. of Ed., Stage II., 1901.) 

2. Why is even a small quantity of water harmful in a steam-cylinder ? How 
do we try to prevent condensation in a cylinder ? If anj of the methods serves 
some other good purpose, state it. Prove that drainage must be good. (Bd. of 
Ed., Stage II., 1905.) 

3. Without giving the mathematical investigation, state what is the result of 
our study of the cause of the initial condensation in a cylinder. Plas it been con- 
firmed by experiment ? What is known about steam missing through leakage 
past valves ? (Bd. of Bd., Stage III., 1900.) 

4. Explain why condensation generally occurs as steam enters an engine- 
cylinder, and show that it is a cause of loss. Discuss the various methods which 
may be employed to reduce cylinder condensation. (Inst. C.E., Oct., 1898.) 

6. State in a general manner how initial condensation in a steam-engine 
cylinder is affected by {a) variable rates of expansion ; (b) roughness and extent 
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of the surface of ^he piston-head and the inside surface of the cylinder cover ; 
(c) steam-jacketing; [d) superheating; (e) speed of rmming (i.e, number of strokes 
per minute) ; (/) compounding. (Inst. O.E., Oct., 1901.) 

6. Sketch and describe an apparatus for drying steam before it enters the 
cylinder. 

7. How would you determine the percentage dryness of steam at cut-off ? 
What data would you require ? 

8. Show by an example how, given the clearance volume and volume swept by 
the piston, and also the indicator card for a steam-engine, you can calculate at 
any point of the stroke after cut-off, the actual volume and weight of the steam 
in the cylinder. What information about the working of the engine does this give 
you ? (G. & G., Hons., 1896.) 

9. Explain how the weight of steam present in an engine cylinder at any part 
of the expansion process can be measured from the indicator card. (0. & G.j 
Hons., 1894.) 

^ 10 . Describe the method of applying the saturation curve to the indicator 
diagram. 

11 . Sketch an indicator diagram such as might be expected from a non- 
condensing engine with a slide-valve. If the weight of water present during 
cushioning is known, and the feed-water per hour is also known, show how we 
find how much condensation or evaporation occurs during the expansion. (Bd. 
of Ed., Stage II., 1900.) 

12 . Having given an indicator diagram from a steam-engine, and full particulars 
as to the scale of the diagram and the dimensions of the engine, show how you 
would calculate the weight of steam present in the cylinder at any convenient 
ipoint in the expansion process. (Inst. G.E., Oct., 1901.) 

13 . Given indicator cards for a single-cylinder steam-engine and all necessary 
data, explain carefully how you would estimate the dryness of the steam at any 
point in the expansion, stating clearly any assumptions involved in the process. 
(Inst. G.E., 1905.) 

14 . The cylinder volume of an engine at cut-off is exactly a cubic foot. 
Calculate what weight of steam is theoretically shut in the cylinder at cut-off— 

(i) If the engine is supplied with dry saturated steam at 100 lbs. per square 
inch absolute pressure (corresponding temperature, 164° C.). 

(ii) If the steam is superheated at constant pressure to 200° 0., assuming that 
the volume of superheated steam is proportional to its absolute temperature. 

Why would the cylinder feed per stroke in the actual engine largely exceed 
these weights ; and would the excess be greater in the first or the second case ? 
(Bd. of Ed., 1914, Lower.) 

Ans. In the absence of steam tables, the volume of a pound of steam may 
be calculated from the formula— 

^^^1*0646 ^ ^,^9 

where ^ is the pressure in pounds per square inch, and u is the cubic 
feet per pound. Using this formula, the answers are (i) dry steam, 
0*2296 lb. ; (ii) superheated steam, 0*2121 lb. 

15 . From the following particulars determine the dryness of the steam at 
•J of the stroke, assuming the cut-off to be at half-stroke : — 


Volume of cylinder, cub. ft 4*6 

Glearance, per cent * * * * ^ 

Pressure of steam at § stroke, lbs. per square inch absolute 60 
Volume of 1 lb. of steam at 60 lbs. per square inch|,^.Qg 

Pressure at a point 0*8 of the return stroke on the com- \ 
pression curve, lbs. per square inch absolute . . . . / 

Volume of 1 lb. of steam at 19 lbs. per square inch absolute, ^ 

cub. ft ^ 

Bevolutions per minute 100 

Gondensed steam per hour, lbs 5920 


What assumptions do you make in working out the dryness of the steam ? 
(London B.Sc., 1911.) 
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jlns. Volume of steam in cylinder at cut-off = (| x 4-6 + 0*23 

= 8*106 cub. ft. 

weight of steam present at cut-off — — 0*4331 lb. 

volume of steam during compression at 19 lbs. pressure = x 4*6 + 0*23 

= 1*15 cub. ft. 

- ■ 1’15 

weight of steam in cylinder during compression =• = 0*0546 lb. 

5920 

steam used per stroke = 2OO x "60 ~ 

= 6^3g?W46 = 

It is assumed that the steam is dry steam when the exhaust closes, and that 
there is no leakage of steam past the valve. 

' 13. Find the dryness of the steam after cut-off at three-quarters of the 
stroke from the following particulars of an engine trial, assuming no leakage 


Condensed steam per hour in pounds 4608 

Revolutions per minute ^ 120 

Volume of cylinder, cubic feet 3*6 

Clearance, per cent . . . , 5 


Pressure of steam in pounds per square inch at f stroke 41*8 
Volume in cubic feet of 1 lb. of steam at 41*8 lbs. pressure 10*05 
Pressure of steam in pounds per square inch at 0*84 of the 1 
return stroke and commencement of compression . . j 

Volume in cubic feet of 1 lb. of steam at 17*2 lbs. per \ 23.3^4 

square inch * } ^ 

(Inst. O.E., October, 1913.) Ans. Dryness of steam, 81 per cent. 


VII. COMPOUND ENGINES. 

1 . Explain fully how the combined indicator diagram of a triple-expansion 
engine is made from the three cards taken from the several cylinders. What 
advantages and information are derivable from the plotting of the three separate 
indicator cards to one scale and on one card? (Bd. of Ed., Stage II., 1899.) 

2 . You are given a set of cards taken from the three cylinders of a triple- 

compound engine. Explain what further data you would require, and how you 
would combine them into one diagram. How would you use the diagram you 
obtain to compare the amount of work actually done by the engine per stroke 
with the amount of work the actual steam admitted could do if expanded 
adiabatically down to the release pressure, and exhausted at a pressure corre- 
sponding to the actual back pressure in the engine ? (0. & G., Hons., 1897.) 

3. Exi^lain the method of drawing a combined diagram for a compound engine. 
Take a compound engine with the following dimensions : H.P. cylinder 30 in. in 
diameter, L.P. cylinder 57 in. in diameter, and 36 in. stroke in both cylinders. 
Steam enters the H.P. cylinder at 70 lbs. absolute, cut-off in both cylinders being 
at half-stroke, and the back pressure in the L.P. cylinder being 4 lbs. There is 
a large intermediate receiver in the engine. 

Construct the probable respective diagrams and combine them, using hyperbolas 
for the expansion curves. (Bd. of Ed., Hons., 1892.) 

4. Show how to combine the indicator diagrams for a thrcc-cylindbr gas-engine 
with cranks at 120° apart, so as to obtain the turning moment. (Inst. O.E., 
Oct., 1903.) 

5. Show by diagrams the effect of varying the cut-off in the H.P. cylinder, the 
cut-off in the L.P. cylinder being constant ; also the effect of varying the cut-off 
in the L.P. cylinder, the cut-off in the H.P. cylinder being constant. 

6. What is the receiver of a compound engine ? Explain what is the influence 
of its volume on the diagram. 

7. Find the diameters of the cylinders of a compound engine of 500 IJI.P., the 
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stroke being 42 in. and the” revolutions 80 per minute ; steam-pressure, 120 lbs, 
per square inch absolute : terminal pressure, 10 lbs. ; back pressure, 3 lbs. 

.4ns. H.P. 18 in. ; L.P. 34*3 in. 

8 . Find the diameters of the cylinders of a triple-expansion engine of 1000 1.H.P.. 
the stroke of the piston being 54 in., and tlie revolutions 100 per minute. The 
mean pressure to be 35 lbs. per square inch referred to the L.P. cylinder. 

^Ins. 36' 5 in., 24 in., 14 in. 

9. Explain the effect of clearance volume (a) on the ratio of expansion ; 
(b) on the steam consumption when there is no compression; (c) when there 
is compression. 

10. What are the advantages of the compound engine over the single- cylinder 

engine of the same I.H.P. when both engines work with steam of the same initial 
pressure and with the same rates of expansion ? Compare the maximum pressures 
on the crank-pins of two engines of equal stroke and each working upon a single 
crank, when the initial pressure of steam per square inch is in both cases 80 lbs. 
absolute, the total expansion 5 times, and the terminal back pressure 4 lbs. per 
square inch absolute. In the single-cylinder engine the piston is 20 in. in 
diameter, and in the compound engine the L.P. cylinder is 20 in. in diameter and 
the H.P. cylinder is 11^ inches in diameter. For the comparison consider that 
there is no drop in pressure between the two cylinders, but that the terminal 
pressure in the H.P. cylinder is the same as the initial pressure in the L.P. 
cylinder. (Bd. of Ed., Hons., 1896.) An$. 1 : 1*39. 

11. Explain carefully, with sketches, how you would combine diagrams taken 
from the high- and low-pressure cylinders of a compound engine. (Inst. C.E., 1905.) 

12. Find the diameters and suitable stroke of the two cylinders of a compound 
engine, so that the power developed may be 120 indicated horse-power at a piston 
speed of 600 ft. per minute. Ratio of cylinders (by volume) 1 : 3J ; admission 
pressure, 115 lbs. per square inch absolute ; condenser pressure, 3 lbs. per square 
inch absolute ; diagram factor, 0'70 ; cut-off in high pressure cylinder, 0’6. 

Answer.— 

Mean pressure of ideal diagram =: _ 3 


number of expansions r = ^ x 3J = 6*5 
U’o 


mean pressure = 


115(1 + log^5) 
6*5 ' 


= 47*77 lbs. per square inch. 

Actual mean pressure referred to low-pressure cylinder = 47*77 x 0*70 = 33*44 
lbs. per square inch. 

Let d> = diameter of low-pressure cylinder. 

33*44 X 600 X (U X 3*1416 


Then 120 : 


33000 X 4 


and d/ = 251*3 
d. = 15*85 in. 

Let dj = diameter of high-pressure cylinder. 

: d/ : : 1 : sj 

d^ = = 8-792 in. 

Assuming a stroke of 18 in. — 

Revolutions per min. = ^ minute. 

13. In a triple expansion marine engine to develop 200 I.H.P. at a piston 
speed of 700 ft. per minute the volumes qf the L.P., I.P., and H.P. cylinders are 
to be in the ratio 1 : 2*5 : 7*5. The steam chest pressure is 170 lbs. per square inch 
gauge, and the exhaust pressure 4 lbs. per square inch absolute. Taking a diagram 
factor 0*65 and the cut-off in the H.P, cylinder at 0*6 of the stroke, calculate the 
diameters of the cylinders and state a suitable stroke. (Sheffield Univ.) 

Ans. Diameters, 22J in. ; 394 in. ; 62^ in. ; stroke, 42 in, 

2 K 
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14. Determine the cylinder dimensions of a horizontal compound engine with 
trip gear, to develop 600 1.H.P. under the following conditions : — Pressure in steam 
chest, 140 lbs. per sq. in. gauge ; vacuum, 26 in. ; number of expansions, 12 ; diagram 
factor, 0*82 ; piston speed, 650 ft. per minute ; point of cut-off in high-pressure 
cylinder at one-third of stroke. Determine also the point of cut-off in the low- 
pressure cylinder, so that the initial loads may he approximately equal. (B.Sc. 
Lond., 1907.) 

Ans, Diameter of H.P. cylinder = 16*6 in. ; diameter of L.P. cylinder 
= 33*2 in. ; cut-off in L.P. cylinder = 0*4. 


VIII. SUPERHEATED STEAM. 

1. Write a brief account of the use of superheated steam. An engine of 500 1.H.P., 
under a working pressure of 150 lbs. per square inch absolute and a feed-tempe- 
rature of 80° F., uses 18 lbs. of steam per I.H.P. hour ; when the steam is super- 
heated to 700° F., it uses 11 lbs. per I.H.P. hour ; express the saving as a percentage 
of the original consumption. (Inst. G.E., Oct., 1903.) 

Ans. Saving is 30*1 per cent. 

2. Sketch an entropy-temperature diagram for water and steam, and show hoiy 
you would indicate upon it : {a) adiabatic expansion of steam having an initial 
wetness of 10 per cent., and show how you would obtain the wetness fraction after 
it had expanded down to a given temperature ; (d) superheating of the steam, and 
indicate the temperature at which it would become saturated if it were adiabatically 
expanded. (Inst. O.E., Oct., 1901.) 

3. Explain briefly, with a sketch, some form of steam superheater, and state 
any precautions which should be taken in the production of highly superheated 
steam. Why is less superheated steam required per hour per horse-power than 
when saturated steam is used ? (Inst. M.E., April, 1914.) 

4. Why is it economical to use superheated steam ? Show from a sketch on 
the temperature -entropy diagram that the thermo-dynamic advantage of super- 
heating is not of much importance. (Bd. of Ed., Stage III., 1911.) 


IX. CONDENSERS. 

1. An engine uses 20 lbs. of steam per hour per I.H.P. How much heat enters 
the condenser per hour per horse-power if there is no radiation or leakage ? The 
temperature of the steam at the stop-valve is 328° F. 

Ans. 21,063 units of heat. 

2. The temperature of the exhaust steam entering a jet condenser is 130° F. 

The temperature of the mixture after condensation of the steam is 85° F. ; the 
initial temperature of the cold-water jet is 45° P. Find the pounds of condensing 
water required per pound of steam condensed. Ans. 26*7 lbs. 

3. Tha temperature of the exhaust steam entering a surface condenser is 120° F. 

The temperature after condensation is 100° F. The initial temperature of the 
circulating water is 50° F., and the final temperature 85° F. Find the pounds 
of circulating water required per pound of steam condensed. diis. 30 lbs. 

4. Explain the terms “heat expended,*' “heat rejected,” and state the relation 

which exists between these quantities and the work done by a heat-engine. In a 
stationary condensing engine the condensation is effected by the injection of cold 
water into the condenser. The net quantity injected is 10 cub. ft. per I.H.P. per 
hour, and the rise of temperature on entering the condenser is 30° F. Find what 
fraction of the whole heat expended (neglecting radiation and leakage) is usefully 
employed. (Inst. G.E., Feb., 1899.) Ans. 11*96 per cent. 

6. Make a sectional sketch of any form of air-pump. 

A steam turbine using 12 lbs. of steam per horse-power hour develops 6000 
horse-power. The pressure of the steam as it enters the condenser is 1 lb. per 
square inch absolute, and its dryness fraction is 0*7, and the temperature of the 
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condensed steam leaving the condenser is 33° C. The rise of temperature of the 
condensing water is 16° G. How much water does the circulating pump deliver 
to the condenser per hour? Temperature of steam at 1 lb. pressure is 38*7° G., 
and this may be taken equal to the water heat. Latent heat of steam at 1 lb. 
pressure is 574 Ib.-calories. (Bd. of Ed., 1914, Lower.) [Note 1 Ib.-calorie = ^ 
B.Th.U.] Ans. 1,529,000 lbs. 

6. Explain, with a sketch, the principle of the jet condenser. Find the weight 
of water required to condense 1 lb. of dry steam at 125° F. if the initial tempera- 
ture of the condensing water is 75°' F., and the final temperature is 105° F. 
(Total heat of 1 lb. of dry steam at 125° F. from water at 32° F. = 1114 B.Th.U.) 
(Inst. M.E., April, 1914.) Ans. 34*7 lbs. per pound of steam. 


X. FEED- WATER HEATERS. 

1. Sketch and describe a feed- water heater. 

What is the percentage gain when the boiler feed- water is heated from 60° F . 
to 230° F., the temperature of the steam in the boiler being 350° F. ? 

Ans. 19*7 per cent. 


XI. CtOVERNORS. 

1. A loaded Watt governor. For simplicity take the framework to be a 

parallelogram ABGD, the axis being AG, the centres of the balls at B and D. If 
AB = BG = 1*2 ft., if the balls are 7 lbs. each, and the load is 150 lbs. + 2 lbs. 
because of friction, find the range of speed from r = 0*6 to r = 0*6 ft. if r is 
distance of a ball from the axis. Wherein consists the usefulness of the load ? 
(Bd. of Ed., Stage III., 1903.) Ans. Range of speed is 9*1 revs. 

2. What is the centrifugal force of a ball of w lbs. at r ft. from an axis making 
n revolutions per minute ? 

The whole revolving mass of a governor is equivalent in its effect to that of two 
balls each weighing 8 lbs. The construction and loading of the governor and 
valve-gear are such that when each ball is at the distance r ft. from the axis of 
revolution, a force F lbs. acting radially outwards from each ball is necessary to 
maintain equilibrium. Two sets of experiments are made : in one F overcomes 
friction ; in the other F is assisted by friction. 



0*4 

0*5 

0*6 

F overcoming friction 

19*20 

25-00 

31*20 

F helped by friction . 

18*44 

24-02 

30*04 


Find the highest arj-d lowest speeds of the governor between these limiting 
values of r. That is, for each value of r find the speed at which the centrifugal 
force of a ball has the value F. Tabulate your answers. (Bd. of Ed., Stage II., 1904.) 
Ans. G.F. = 0*00034 wrn ^ ; highest speed, 138*2 revs. ; lowest speed, 130*2 revs. 


F overcoming friction 

19*20 

25-00 

n. . ■ 

132*8 

135*5 

F helped by friction . 

18*44 

24*02 

n 

130*2 

132*9 


31*20 

138*2 

30*04 

135*6 
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3. Choose a loaded pendulum governor or a Hartnell governor, and explain with 
sketches how it governs. Show how we find the speed corresponding to any 

position of the balls. (Bd. of Ed., Stage II., 
1905). 

4. What is the object of loading a governor ? 
An equal armed governor is shown in Fig. 
492, with the sleeve resting against bottom 
stop. Each ball weighs 4 lbs., and the sleeve 
itself weighs 14 lbs. At what speed will the sleeve 
just begin to leave the bottom stop ? (Bd. of Ed., 
1914, Lower.) Ans. 136*8 revs, per minute. 


XII. TUENING EFFORT IN THE CRANK 
SHAFT. 


1 . What is a crank-effort diagram? What 
data are required to allow it to be drawn, and 
how is it applied in finding the fluctuations of 
speed in an engine when the dimensions and 
speed of the flywheel are known? (Inst. C.E., Feb., 1898.) 

2. If a piston with its rod weighs 250 lbs., and if at a certain instant when the 

resultant total force due to steam pressures is 3 tons, the piston has an acceleration 
of 320 ft. per second per second in the same direction, what is the actual force 
acting on the crosshead? (Bd. of Ed., Stage II., 1905.) Ans. 4220 lbs. 

3. If on a piston of 120 sq. in. area and weighing with piston-rod 290 lbs., there 
is at a certain instant a pressure of 130 lbs. per square inch on one side more than 
what there is on the other, and if the piston’s acceleration at that instant is 420 ft. 
per second per second in the direction in which the steam is urging the piston, 
what is the total force acting at the crosshead? (Bd. of Ed., Stage II., 1900.) 

Ans. 11,794 lbs. 

4. Show how to find graphically the acceleration of the piston of a direct-acting 
engine in any position, the crank-pin being assumed to move uniformly. Sketch 
the form of the curve of acceleration (1) on a piston, and (2) on a crank angle base. 
Describe generally the influence of the inertia of the piston, rods, and crosshead 
on the stresses set up in the crank-pin. The weight of the reciprocating parts is 
equivalent to 3 lbs. per square inch of the area of the piston. If the length of the 
crank be 9 in., find how much the initial effective pressure is reduced by the 
inertia of the reciprocating parts when the crank makes 70 revolutions per minute, 
the obliquity of the connecting-rod being neglected. (Inst. C.E., Oct., 1900.) 

Ans. 3*75 lbs. per square inch. 

6. A piston and its rod and crosshead weigh 460 lbs. The engine makes 
250 revolutions per minute, the crank is 1 ft. long. Make a diagram of the 
horizontal force at the crosshead at every point in the stroke : (1) assuming the 
connecting-rod infinitely long; (2) taking the connecting-rod to be 5 ft. long. 
State the force at some one place, so that your scale may be checked. Assume no 
friction. (Inst. O.E., Oct., 1898.) 

6. Show how to find the acceleration of an engine-piston at each end of its 

stroke when the length of the connecting-rod, the length of the stroke, and the 
number of revolutions per minute are given. Find the force required for accele- 
ration per pound mass of the piston, at each end of the stroke, in an engine with 
an 8-in. crank and 30-in. connecting-rod, making 300 revolutions per minute. 
(Inst. C.E., Oct., 1897.) Ao^s. 25*84 lbs. and 14*96 lbs. 

7. If on a piston of 120 sq. in. in area, and weighing with piston-rod 290 lbs,, 
there is at a certain instant a pressure of 130 lbs. per square inch on one side more 
than what there is on the other, and if the piston acceleration at that instant is 
420 ft. per second per second in the direction in which the steam is urging the 
piston, what is the total force acting at the crosshead ? If this acceleration occurs 
when the piston is one-quarter of its stroke from one end, assuming an infinitely 
long connecting-rod, how many revolutions per minute is the engine making? 
The crank is 1 ft. long. (Bd. of Ed., Stage III., 1900.) 

Ans. 11,794 lbs. ; 276*8 revs. 
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8. Crank 1 ft., connecting-rod 5 ft., 150 revolutions per minute : find the accele- 
rations of the piston at the ends and at some other point of the stroke, and draw 
an acceleration diagram. The weight of piston and rod is 360 lbs., area of piston 
150 sq. in. Draw possible indicator diagrams for the two sides of the piston, and 
show how we use them and the acceleration diagram to fi.nd the real force at the 
crosshead at every point of the stroke. (Bd. of Ed., Stage III., 1905.) 

9. Piston 115 sq. in. in area. At the beginning of either stroke there is a 
dif erence of pressure of 90 lbs. per square inch on its two sides, producing total 
force in the direction in which the piston is about to move. The piston and its 
rod weigh 410 lbs. The engine makes 130 revolutions per minute ; crank 1 ft. 
Neglecting angularity of connecting-rod, that is, assuming that the piston has a 
simple harmonic motion, what is the actual force at the crosshead at the beginning 
of either stroke ? 

What correction must be made when the angularity of the connecting-rod is not 
neglected? (Bd. of Ed., Stage III., 1903.) Ans. 7994 lbs. 

10. Piston 115 sq. in. in area, crank 1 ft., connecting-rod 5 ft., 130 revolutions 

per minute. At the beginning of either stroke there is a difference of pressure of 
90 lbs. per square inch on the sides of the piston, producing total force in the 
direction in which the piston is about to move. The piston and its rod weigh 
410 lbs. What is the actual force at the crosshead at the beginning of either 
stroke ? (Bd. of Bd., Hons., 1903.) Ans. 8465 lbs. and 7523 lbs. ^ 

11. If on a piston of 120 sq. in. area, weighing with piston-rod 290 lbs., there is 
at a certain instant a pressure of 130 lbs. per square inch on one side more than 
what there is on the other, and if the piston acceleration is 420 ft. per second per 
second in the direction in vsrhich the steam is urging the piston, what is the total 
force acting at the crosshead ? 

If the crank is 1 ft. long and the connecting-rod is 5 ft. long, and if the above 
acceleration occurs at the inner dead-point position, find the speed of the engine. 
(Bd. of Ed., Hons., 1900.) Ans. 11,794 lbs. ; 215'2 revs, per minute. 

12. Explain what is meant by the pressure due to the inertia of the recipro- 
cating parts in a steam-engine, and show how it modifies the effective crank 
effort at different points of the stroke. If the revolutions are 400 and the mean 
piston speed 1200 ft. per minute show that with a 4 to 1 rod, the maximum inertia 
pressure is very approximately 50 times the weight of the reciprocating parts. 
(G. & G., Hons., Sec. B, 1903.) 

Ans. The maximum force required to accelerate the reciprocating parts is 
required when the piston is at the head end of the cylinder. 

The force required to accelerate the reciprocating parts at this point is 
W-u^/ 1\ 

given by the formula -^^1 + -J, which may also be written 
0'00034WrN“(l + i) 

Substituting the values given in the question, the maximum force 
= 0-00034 X W X I X 400 X 400 X f 
= 61W 

13. In a steam-engine the weight of the reciprocating parts is 500 lbs. ; stroke, 
2 ft. ; revolutions, 180 per minute ; connecting-rod, 4 feet long. 

Find the force to accelerate the piston, (1) at the beginning of the stroke, (2) at 
the end of the stroke, and (3) when the crank is 90® from the dead centre. (Inst. 
M.E., April, 1914.) 

Ans. Head end, 6895 Ibs^ crank end, 4136 lbs.; at 90° from dead 
centre — 1379 lbs. 


XIII. FLYWHEELS. 

1. The crank-shaft of a gas-engine is giving out steadily 20 horse-power at an 
average speed of 160 revolutions per minute. When there are 75 explosions per 
minute (each cycle being two revolutions), about how much energy is being stored 
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and unstored by the flywheel ? If the kinetic energy of the flywheel at 150 revo- 
lutions is 250,000 foot-ibs., what are the highest and lowest speeds ? (Bd. of Ed,, 
Stage II., 1904.) Ans. 150*99 and 149*01. 

2. The flywheel of a rolling-mill engine is observed to change its speed from 100 
revolutions per minute to 70 revolutiorLS per minute in 5 seconds when a billet is 
passed into the rolls. The moment of inertia of the flywheel is equivalent to 30 
tons at a radius of 10 ft. Find the average torque exerted on the crank-shaft 
due to the energy drawn from the flywheel in addition to the torque exerted by 
the connecting-rods. 

Sketch the form of the crank-eflort diagram for a single-cylinder double- 
acting engine, and explain how you would proceed to draw this diagram from a 
given indicator card. (Bdi of Ed., 1914, Higher.) Ans. 131,040 Ibs.-ft. 

3. Briefly explain how the fluctuation of the speed of a crank-shaft is kept ' 
within narrow limits by means of a flywheel. 

What must be the size of a flywheel in order that the maximum speed may 
not exceed the mean speed of 60 revolutions per minute by more than 0*2 revolu- 
tion per minute when the area of the crank-eflorfc curve cut off by the mean crank- 
effort line represents 50 ft.-tons. Give the mean radius of the flywheel and the 
weight in tons of the rim, and work out the dimensions on the assumption that 
the mass of the wheel is all concentrated at the mean radius of the wheel, and 
that the speed at the mean radius is limited to 100 ft. per second. (Bd. of Ed., 
1912, Higher.) 

Ans, Badius of flywheel = 15*85 ft. 

Weight of flywheel = 48*55 tons, assuming cast iron weighs 450 lbs. 
per cubic foot. 

Oross-section of rim, 349 cub. in. ; say 12 in. by 29*08 in. 

XIV. BALANCING THE ENGINE. 

1 . Describe the usual balancing of an inside cylinder locomotive, and what it 
really effects. (Inst. O.E., Oct., 1898.) 

2. Two engines with the same centre line on opposite sides of a crank-shaft; 
same moving masses ; cranks exactly opposite, so that there is exact balance of 
horizontal inertia forces: what may be done to the connecting-rods to make 
perfect inertia balance ? Prove your statement. Is the engine perfectly balanced 
now ? (Bd. of Ed., Stage III., 1901.) 

3. An outline sketch of the crank-shaft of a four-cylinder engine is shown 
in figure below. The middle pair of cranks are set at 105® with one 
another, and the reciprocating parts weigh 1*125 tons for cylinder 2, and 1 ton for 
cylinder 3. Find the weight of the reciprocating parts for cylinders No. 1 and 
No. 4, and the angles between the cranks No. 1 and No. 4 and between the 
cranks No. 1 and No. 3, so that the reciprocating parts of the engine may be in 
balance amongst themselves. (Bd. of Ed., 1914, Higher.) 


-Jfl 


!1%tons 


1 TON 


3i 


h- -37^"^ - -60- - - — ^45- >i 


Answer.r 


Fig. 493. 


No. of 
crank. 

Distance of centre of crank 
from reference plane. 

■\Veiglit in tons. 

Moment about reference 
plane. 

1 

0 

0*8 

0 

2 

37*5 ins. 

1*125 

42*2 

3 

97*5 „ 

1*0 

97*5 

4 

142*5 „ 

0*671 

95*6 


(See over.) 
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1 ci'ank is taken as tke reference plane. 

4*Hpi ^ slapws the angles between the cranks. 

^^^ipi^ocating masses for the first, second, and 
n*,V+ ^ four-cylinder engine are 4, 6, 8 tons, 
ulxo c outre line's of these cylinders are 13 feet, 9 feet, 

* ^^Qti-i^espectively from that of the fourth cylinder, 
inci the fourth reciprocating mass, and the angles he- 
weoii tho various cranks in order that they may be 
balanced. (Bd. of Ed., 1912.) 

-d'jts . B ourth reciprocating mass = 5*2 tons. The 
angle between the first and second crank, is 
14:4:*^ ; between the first and third crank, 255°, 

^ and between the first and fourth crank, 56°. 
o. Give any one method for finding the acceleration 
of tho p)iston masses in a reciprocating engine, and 
roughly plot the acceleration curve from the following 
data ~ 

Hociprocating masses weigh 650 lbs. 

Stroke, 2 ft. 

Gonuecting-rod, 4 ft. long. 

Speed, 200 revolutions per- minute. 

Write down the acceleration at the beginning and at the end of the stroke, 
(bkl. of Ed., 1912.) Ans. 548 and 329 ft. per second per sec. 

6- In a th.ree-cylinder engine the distance between the centre and left-hand 
cy^ndor is 18 inches, and between the centre and right-hand cylinder is 24 inches, 
and tho stroke is 30 inches. The reciprocating 
parts of oaoh. cylinder weigh 300 lbs., and the 
cranks make 120° with each other. Find the 
lusiKituum value of the unbalanced force and 
tho unbalanced couple when the engine is 
making 200 revolutions per minute. (Bd. of 
Kd., 1913.) 

Afis. No unbalanced force. Unbalanced 
couple, 15,000 ft.-lbs. 

7. Tlic sketch (Fig. 495) shows certain di- 
inmiHionB of the crank-axle of an inside cylinder 
butoinotivo. All the revolving masses and 
two-thirds of the reciprocating masses are to 
lailanced by masses placed in the wheels at 
a radius of 30 in. Find the balance weights. 
iJiilculate the maximum value of the vertical 
force acting on the rails due to one balance 
wclglit when the engine is running at 60 miles 
por hour. 

Diameter of driving wheel, 7 ft. 

Stroke, 24 in. 

Hociprocating mass per cylinder, 600 lbs. 

Unbalanced revolving mass per crank at 
crank radius, 650 Ihs. (Bd. of Ed., 1913, 

Higiior.) 


*4 nsioer , — 


No. of 
rriuik or 
reference 

pi All©. 

Reciprocat- 
iDg weight 
in lbs. 

Revolving 
weight in 
lbs. 

Radius in 
inches. 

Distance of 
crank from 
reference 
plane. 

Weight 

X radius. 

Moment about 
reference 
plane. 

1 


318*6 

30 

0 

9,560 

0 

2 

400 

650 

12 

18 

12,600 

226,800 


400 

650 

12 

41 

12,600 

516,600 

o 

4 



1 

318-6 

30 

59 • 

9,660 

664,000 


IRicht 

•Crank 

I I 


Left 

Crank. 


Centre dr RB au-Wt in this Pu^ . 



MASSCEN-mEOFL.BA;LWr.lNTHl& PLANE. 
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The right balance weight weighs 318*6 lbs., and is placed at an angle of 
156° 19' measured anti-clockwise from the right crank. The left balance weight 
weighs 318*6 lbs., and is placed at an angle of 203° 41' measured anti-clockwise 
from the left crank. Vertical force due to one balance weight (not the resultant 
force) is 15,600 lbs. 


XV. STEAM-ENGINE PEREOBMANGE. 

1 . If a steam-engine work between the limits of 350° F. and 212° F., what 
would be its maximum possible efficiency (a) on the Carnot cycle, (h) on the 
Clausius cycle ? State any reasons for choosing one or the other as the standard 
of efficiency under given conditions. (Inst. O.B., Oct., 1897.) 

Ans. (1) 0*170; (2) 0*159. 

2 . The total steam used by an engine was 660 lbs. per hour when the I.H.P. 
was 20, and 2100 lbs. per hour when the I.H.P. was 100. Assuming Willan’s 
straight-line law to hold, find the consumption of steam per I.H.P. and per B.H.P. 
hour, when the engine indicates 25 H.P. and 80 H.P. respectively.^ You may 
assume that the power required to overcome the friction of the engine is 17 I.H.P, 
at all loads. This may be solved graphically by setting off the lines to scale in 
your answer-book, or it may be calculated. (Inst. C.E., Feb., 1902.) 

3. A particular non-condensing steam-engine working with 170 lbs. per square inch 
absolute pressure requires 19 lbs. of feed-water per I.H.P. per hour. A particular 
condensing steam-engine working with the same pressure and 24 in. vacuum 
requires 17 lbs, of feed-water per I.H.P. per hour. Show that the ratio of 17 to 
19 does not truly represent the relative thermal economy of these two engines, and 
obtain the true comparison on the basis of heat-units supplied per I.H.P. 


1.) X . u • 

Total heat of steam at 170 lbs. per* square inch absolute pressure . 1194 


Water heat at 212° F 181 

Water heat at 24 in. vacuum 110 


(Inst. O.E., Oct., 1899.) 

If a steam-engine were supplied with steam at 180 lbs. pressure absolute 
(^ 1 = 373° F,), and had a condenser temperature of 126° F., how many thermal 
units would you have to supply to it per I.H.P, per hour if it could turn into 
work 50 per cent, as much as an ideal Carnot engine working between the same 
limits ? (Inst. C.E., Feb., 1898.) 

Aws. 17,200 units of heat from feed-water at 126° F. 

4 . What is meant by the “ Willan’s law ” for a steam-engine ? Show briefly 
how this law enables you to predict the economy of a given steam-engine under 
varying conditions, (Inst. C.E., Feb., 1903.) 

5. What is the Willan’s rule as to the horse-power and water used ? Show that 
it is reasonable to expect such a rule to hold. (Bd. of Ed., Hons., 1903.) 

6. A non-condensing engine uses 4000 lbs. of dry saturated steam per hour at 
160° C. ; feed- water at 20° G. ; the indicated horse-power is 210. What is the 
efficiency? How much work is done per pound of steam? If a perfect steam- 
engine works on the Bankine cycle between 100° 0. and 160° C., what work is 
hypothetically possible per pound of steam? Use the table of numbers given in 
III. No. 13. (Bd. of Ed., Stage III., 1901.) 

Ans. Efficiency, 11*7 per cent. ; 103,950 foot-lbs. ; 101,600 foot-lbs. 

7 . A steam-engine works on the Bankine cycle. Prove that the work done per 
pound of steam is — 



where Ti and Tq are the upper and lower temperatures respectively. (Inst. 
G.E., 1904.) 

8. A non-condensing engine uses 4600 lbs., of dry saturated steam per hour at 
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160° C. ; the indicated horserpower is 200 : how much work is done per pound of 
steam ? If a perfect steam-engine works on the Eankine cycle between 100° and 
160° C., what work is hypothetically possible per pound of steam? (Bd. of Ed., 
Stage III., 1905.) Ans. 86,100 foot-lbs. ; 99,560 foot-lbs. 

9. In a certain engine trial it was found that temperature of boiler = 370° F. ; 
feed-water used = 14 lbs. per I.H.P. per hour ; temperature of feed = 115° P. 
Assuming the boiler to supply dry steam, find the expenditure of heat in thermal 
units per I.H.P, per minute, and compare it with the work done. (Inst. C.E., 
Oct., 1898.) 

10. Describe the Bankine- Clausius cycle, and show it on a Q(p chart. It is found 
frorn tables that an engine working on a Bankiue-Olausius cycle with maximum 
efficiency between temperatures 350° P. and 120° F. takes 9900 B.T.U. per I.H.P. 
hour. Compare its efficiency with that of an engine working on a Carnot cycle 
with maximum efficiency between the same temperatures. What is the reason 
for the difference in the efficiencies ? (Inst. C.E., 1905.) 

Ans. 8974 B.T.U. required by Carnot cycle. 

Carnot efficiency, 28*3 per cent. 

Bankine efficiency, 25*8 per cent. 

11. Find an expression for the work done per pound of steam in a steam-engine 
when the steam expands to a pressure higher than the back pressure. Neglect 
clearance, compression, and initial condensation. Assume the steam is dry 
during expansion (see p. 55). 

Ans. Let ABCDE represent the indicator diagram. Fig. 496. 

Let Ti = absolute temperature of the steam at B. 

Tj = absolute temperature of the steam at D. 

P2 = absolute pressure of the steam at D. 

Pj = absolute pressure of the steam at E. 

V3 = volume of the cylinder in cubic feet. 

The total work done is represented by the sum of the areas M and N. 

Then area M 
where v 

but V 


/. area M 
also L 


area M 


Area N 

Total work done = areas M -{- N 

= 1437 log.. - 0-7(T. - T,) + ir?-- . 

12. Calculate from the steam tables the maximum work obtainable from 1 lb. 
of dry saturated steam when working between pressures of 100 and 2 lbs. per 
square inch absolute: {a) on the Bankine cycle-; (6) on the Carnot cycle. 
Account for the difference obtained. (London B.Sc., 1912.) 

Ans. Maximum work, Bankine cycle = 257*5 B.Th.U. per pound. 

Maximum work, Carnot cycle = 225*5 B.Th.U. ,, „ 

13. What is the theoretical efficiency of a heat-engine working on the Carnot 
cycle ? Explain why a theoretically perfect steam-engine, using highly super- 
heated steam, has an efficiency considerably less than that of the Carnot cycle 
between the same temperatures. (I.C.E., Oct., 1910.) 

14. In a steam-engine regulated by a throttling governor the steam-con- 
sumption at 100 H.P. was 2500 lbs. of steam per hour, and at 400 H.P. 6000 lbs. 
of steam per hour. Find the steam-consumption at 300 H.P. What law do 

2k 3 


■/ 


jv . dp in foot-lbs. 

the volume of the steam per lb. 

IL dT . . .... 

(seep. 429). 

dT 


: 1437 ~ 0’7T (see equation (3), 
p. 54). 

,Ti fusi - 0-7T fdT in foot- 
ip™ ^ \ lbs. 

{P 2 ~ X 14:4 /in heat- 
. I units. 


T2J 
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you assume in working out this example ? Write down the equation connecting 
the horse-power and the steam used. (I.C.E., Oct., 1910.) 

Ans. Assuming Willans law, W = 1333 + 11*671, where I is the horse- 
power of the engine. At 300 H.P., W = 4834 Ihs. 

15. Sketch _p'y and i diagrams for the Rankine cycle. Explain where the 
following cycle differs from the Rankine cycle. Steam enters a cylinder at a 
pressure of 150 lbs. per square inch absolute and expands adiabatioally to 10 lbs. 
per square inch absolute. Find the work done per pound of steam if the back 
pressure is 4 lbs. per square inch absolute. Neglect clearance, compression, and 
condensation. How many pounds of steam are required per hour per horse- 
power ? (Sheffield Univ.) 

Ans, Work per pound = 180,500 ft. -lbs. 

Steam per hour per horse-power = 10*9 lbs. 

16. In a trial of a triple-expansion engine the following observations were 
made : — 


Steam pressure (absolute) 200 lbs. per square inch 

( 669*8 0 H TJ 

Total heat per pound reckoned from water at 0° C. (32° F.) |(i205*6 B Th U ) 

Weight of steam entering cylinders per hour 1200 lbs. 

Indicated horse power 73*8 „ 

The steam entered a surface condenser and was condensed at a temperature of 
56° 0. (133° F.), and it was found that 24,000 lbs. of condensing water per hour 
were raised through a temperature of 24° 0. (43*2° F.). Determine the gross 
supply of heat per minute to the engine, the heat equivalent to the I.H.P., 
and the heat leaving the engine in the exhaust steam reckoned from 0° 0. 
(32° F.). 

Determine the amount not accounted for by radiation loss and errors of 
experiment, and show your results in the form of a balance-sheet. ‘(London, 
B.Sc. Eng., 1913.) 

Answer.-' 


Gross supply of heat to the engine per minute (above 32 ° F.) 

= X 1205-6 = 24112 B.Th.U. 
60 

33000 

heat equivalent to the I.H.P. per minute = 73*8 X 

/ lO 

= 3130 B.Th.U. 

heat to condensing water per minute = X 43*2 

= 17280 B.Th.U. 
12000 

heat in condensed steam discharged per minute = (133 — 32) 

= 2020 B.Th.U. 

Balance-sheet. 



B.Th.U. 

per 

minute. 


B.Th.U. 

per 

minute. 

Gross supply of heat to engine . 

24,112 

Heat equivalent to I.H.P. . . 

3,130 



Heat to condensing water . . 

17,280 



Heat in condensed steam . . 

2,020 



Radiation loss and errors of 




experiment . • 

1,682 


24,112 


24,112 


17. Sketch a pv and tcp diagram for a steam-engine working^ on the Rankine 
cycle. The admission pressure of steam to a reciprocating engine is 140 lbs. per 
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pressure at the end of expansion is 30 lbs. ; exhaust 
hopyp ^ \An minimum weight of steam required per hour per 

(ShofBoi^TT* ' ^ above cycle difier from the Bankine cvcle? 

(bhcffield Univ., 1914.) ^ 7.3 


I 


XVI. THE STEAM-TUEBINE. 

are steam-turbines on the so-called reaction principle like Parsons’, 
file. so-called hnptdse principle like Laval’s. Describe how they 
in ef the fluid passing through the moving vanes), and show 

^ speed of wheel compared with speed of fluid 

entering the wheel. Why is a very perfect vacuum more important in a 
turoi^ than m a reciprocating steam-engine? (Bd. of Ed., Hons., 1905.) 
of . ’ ®^^®^ehes cither (a) a Parsons steam-turbine, or (h) a de Laval 

turbine. To what extent and for whaii reasons is the efficiency of the 
turbine you describe affected by the use of superheated steam and by a high 
vacuum in the condenser ? (Inst. C.E., 1905.) 

3. Sketch and describe any one form of steam turbine with which you are 
familiar. 

Steam issues from a fixed nozzle of an impulse turbine at a speed of 3000 feet 
per second on to a ring of turbine blades. The nozzle is inclined 30 degrees to 
the plane of rotation of the vanes. The circumferential velocity of the vanes is 
1000 ft. per second. Eind the angle of the vane at the receiving lip so that the 
steam flows on to the vane from the nozzle without shock. Eind the angle of 
the discharging lip of the vane so that the pressure exerted on the vane is in the 
direction of the vane’s motion. And find the work done per pound of steam 
flowing from the nozzle. Eind also the maximum amount of work which could 
bo done by the jet pound of flow. (Bd. of Ed., 1914, Higher.) 

Ans. Erom the velocity diagram the absolute velocity of the steam 
leaving the wheel = 1615 ft, per second. 

Work per pound of steam = " rSz 

= 99,260 ft.-lbs. 

, ^ ^ ^ 3000 X 3000 

maximum work per pound of steam = ^ — 

= 139,700 ft.-lbs. 

Inlet and outlet angles 'of the vanes to prevent end thrust (neglecting friction) 
= 43° 14'. 


4. Explain, with sketches, the construction of the rotor of a Parsons turbine 
and the method of fixing the blades in the rotor. 

If steam leaves the guide and rotor blades of this turbine at 300 ft. per second 
relatively to the blades in each case, draw the velocity diagram, find the inlet 
angle and the heat given up per pound of steam in each row of blades. The mean 
speed of the rotor blades is 150 ft. per second, and the exit angle of the blades 
is 30°. Neglect all losses. (I.G.B., Feb., 1911.) 

Ans. Inlet angle, 54° ; heat given up = 1-09 B.Th.XJ. 

6 , Show, by sketches of the “ total heat-entropy,” or “ Mollier,” diagram, how 
the following required data may be determined : — 

(а) The dryness or superheat of steam which expands through a throttling 
valve without loss of total heat. 

( б ) The work done by 1 lb. of steam expanding adiabatically from a given 
pressure and with a given amount of- superheat or wetness to a lower pressure. 

(c) The dryness of steam after expansion in a nozzle when the efficiency of the 
nozzle is known. 

(d) The original condition of steam which has passed through a throttling 
calorimeter, when the pressure and superheat of the steam are known at the end 
of the expansion. (London B.So., 1912.) 

6 . Eind an expression for the velocity acquired by steam when expanding in 
a nozzle, neglecting losses. * ^ , 

In a Parsons steam turbine the heat drop per pound of steam in the moving 
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a<nd stationary blades is the same and equal to 6 B.Th.U. per minute in each ; i 

the mean velocity of the blades is 275 ft. per second. Determine the velocity I 

of the steam entering the blades ; the work done in each set of blades ; the ' 

degree of reaction, the efficiency and the horse-power developed per stage, 
assuming no losses. Take the exit angles of the blades, 20°. (Sheffield Univ.) 

Am. V = 224 VStEU. ; V = 549 ft. per second. 

Work done in moving blades = 4668 ft. -lbs. 

Work done in stationary blades = 4668 ft. -lbs. \ 

Reaction = 0*5. 

Efficiency = 0*75. 

Horse-power per stage = 12*8. f 

7 . Dry steam at an initial pressure of 120 lbs. per square inch absolute, is ex- | 

panded adiabatically down to 30 lbs. pressure absolute in a nozzle which allows 
0*4 lb. to pass through it per second.- Determine the dryness of the steam and 
the sectional area of the nozzle at the lower pressure, using the data given in the 
accompanying table-; — j 


Pressure, 
lbs./ o''. 

Temp. Falir. 

Heat of 
formation. 

Vol. of 1 lb. 
cub. feet. 



30 

250*5 

1158*3 

13*72 

0-368 

1*687 

120 j 

341*0 

1186*0 

3*74 

0-491 

1*582 


(Sheff. Univ.) Ans, Dryness = 0*92 ; area = 0*6194 sq. in. i 

8. Steam enters the nozzles of an impulse turbine from rest, and there is a j 

loss of 10 per cent, of the available heat energy of 19 B.Th.U. The peripheral [ 

speed of the wheel is 380 ft. per second. The nozzles are inclined to the wheel ! 

at an angle of 20°. Find the combined efficiency of the blades and nozzles, 
assuming the blades are symmetrical and that the exit velocity of the steam is 

85 per cent, of the inlet velocity. (Sheff. Univ.) Ans. Efficiency = 0*725. 

9 . Find an expression for the work done per pound of steam in a De Laval 1 

turbine having equal outlet and inlet blade angles. Neglect all losses. Find an \ 

expression for the maximum efficiency. I 

Draw the velocity diagram for a De Laval turbine having the nozzles inclined j 

to the blades of the wheel at an angle of 20°, and determine the efficiency if the \ 

steam velocity is 2400 ft. per second ; the peripheral -velocity of the rim' being 
1000 ft. per second. What is the inlet angle of the blades for the steam to enter 
without shock ? (Sheffield Univ.) Ans. 6 = 32° ; efficiency, 0*87. 

10 . Dry steam expands adiabatically from 160 lbs. per square inch absolute 
to 15 lbs. absolute. Find the dryness of the steam after expansion and the 
heat converted into work per pound of steam. 

Wet steam at a pressure of 200 lbs; per square inch absolute passes through 
a throttling calorimeter where the pressure is 21 lbs. absolute and the super- 
heat 25°. Find the dryness of the steam before expansion. (You may use your 
Mollier chart for these examples.) (Sheffield Univ.) 

Ans. Dryness after expansion = 0*87. 

Heat converted into work per pound = 172 B.Th.U. 

Dryness of steam before expansion = 0*96. 

11 . Dry steam at a pressure of 100 lbs. per square inch absolute is expandea I 

adiabatically in a properly designed nozzle to 2 lbs. per square inch absolute. 1 

The heat drop is 225 B.Th.U., and 90 per cent, of this is converted into kinetic 

energy. Find the velocity of the steam at exit, neglecting any initial velocity, I 

and find also the quality of the ^eam at exit. (Sheffield Univ.) 

Ans. 3187 ft. per second ; dryness, 0*85. 

12 . If the adiabatic expansion of dry steam is given by = constant, and 

if the density of dry steam is given by where K is constant, show that the 

dryness of dry saturated steam after adiabatic expansion from Pj to Pg is given | 



Hence show that if the expansion is adiabatic the dryness of the steam at the 
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type is about 0’97, the 

Where Vg = volume of wet steam after expansion. 

Density = ^ 

.*. = xP,o*94 


( 2 ) 


and ^ = A.p^o-94 


where V = volume of dry steam at Pg 

V /P \0‘94 

7 ,=®), 

also V, = 

Substituting for and inverting — 

V^i / _ /poY'^^so 

V4“W 


( 3 ) 


V, 

T 




The relation between Pj and at the throat of a De Laval nozzle is given by- 

(^1=^ = 0-575 (p. 898). 


dryness at the throat = (0-675)°*®®^ 

= 0-97 

13. Dry steam enters the fixed blades of a Parsons turbine at 160 lbs. per 
sq^uare inch and expands adiabaticaily to 150 lbs. ; the steam further falls to 140 
lbs. in the moving blades. Draw the velocity diagram, assuming the exit angles 
to bo 25° and the peripheral speed to be 200 feet per second. You may use the 
Mollior chart. (Sheff. Univ.) 

^ 14, In a section of a turbine of the Parsons type an expansion consists of n 
rings of moving blades. It is arranged to have equal heat drops in fixed and 
moving blades. Express the work done per pound of steam on the moving blades in 
terms of the peripheral velocity the steam velocity -y, and the exit angle of the 
blades B. If n = 7, = 150 ft. per second, 1 ; = 375 ft-, per second, 6 = 20°, and if 

the weight of steam passing through the blading is. 40 lbs. per second, find the 
horse-power developed in the section. (Shefi. Univ., 1913.) 

Ans. Horse-power = 1316. 

16. Show how to determine, by aid of a T<^ diagram, the dryness fraction of 
steam when expanded adiabaticaily. Dry steam, at an initial pressure of 100 
lbs, per square inch absolute, is expanded adiabaticaily down to 20 lbs. 
absolute in a nozzle which aPows 1 lb. to pass through it per second. 
Determine the dryness of the steam and the sectional area of the nozzle at the 
lower pressure, using the data given in the accompanying table : — 


Pressure in 
pounds per 
square inch. 

Temperature. 

Total heat. 

Volume, 
cubic feet. 

I Entropy. 

Water. 

steam. 

20 

108*9° 0. 

648-2 C.H.U. 

20*0 . 

0-887 

1*735 


(228° E.) 

(1157-8 B.Tb.U.) 




100 

164*2° 0. 

662-0 C.H.U. 

4*44 

0*475 

1*609 


(327*6° F.) 

(1191-6 B.Tb.U.) 





(London B.Sc. Eng., 1913.) 
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Ans. Dryness after expansion = 0-91. 

Volume after expansion = 18*198 cub. ft. 

Area of nozzle at lower pressure = 1*069 sq. in. 

16 . Steam enters tbe nozzle of a De Laval turbine and expands to the con- 

denser pressure. The theoretical heat drop is 230 B.Th.U. per pound, but 10 per 
cent, of the energy is lost in friction. Draw* the velocity-diagram of the steam 
passing through the turbine if the relative velocity at exit is 85 per cent, of the 
inlet velocity. Find the efficiency of the nozzle and vanes, assuming the steam 
enters the vanes without shock, and that the inlet and outlet angles of the vanes 
are equal. The peripheral velocity of the wheel is 1200 ft. per second. The 
nozzles are inclined at an angle of 20° to the plane of the wheel. (Inst. O.E;, 
October, 1913.) Ans. Efficiency of nozzle and vanes, 0*70. 

17 . What is the principle involved in the calculation of the velocity with 
which steam issues from a nozzle, assuming that the flow is adiabatic and 
frictionless ? 

Dry saturated steam, at 150 lbs. pressure per square inch absolute, is 
supplied to a nozzle and flows through it into a condenser where the pressure is 
3 lbs. per square inch absolute. Assuming that the flow is frictionless and 
adiabatic, find the velocity with which the steam issues from the nozzle *, the 
wetness of the steam ; and the discharge in pounds per minute per square inch 
of the minimum cross-section of the nozzle. (Bd. of Ed., 1913, Higher.) 

Ans. Velocity = 3620 ft. per second. 

Dryness = 0*81. 

Discharge per minute = W = ^ = 128*6 lbs. per minute. 
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-Absolute temperature, definition of, 8 
Acceleration of reciprocating parts, 288 

diagrams, 242 

, Klein, 283 ' 

Action of jet upon vane. 385 
Adiabatic expansion, 13 
Advance, angle of, 65 
Air-pump, Edwards, 190 
Area* of turbine steam passages, 394, 
414 

Automatic expansion y. tbrottling, 312 

B. 

JBalance weights, 287 
Balancing of engines, 277 

, Dalby on, 295 

Bearings, main, 271 

, Dewranoe on, 271 

Beiliss engine, 353 

Boulvin’s temperature-entropy diagram, 
302 

Boyle’s law, 7 

Brake horse-power, definition of, 2 
British thermal unit, 5 

C. 

Calorimeters, 34 
Carnot’s cycle, 19 
Charles, law of, 8 
Clausius cycle, 58 
Clearance, 101 

surface, polished, 165 

Combining indicator diagrams, 144 
Compound engine, 125 

, distribution of work in, 128 

^ indicator diagrams, 144 

, ratio of cylinders, 139 

size of, 137 

Compounding, methods of, 126 
Compression, 101, 103 
, work done during, 18 


Condensation, 168 

in turbines, 442 

Condensers, 179 
Condensing-water coolers, 188 
Connecting-rod, obliquity of, 67, 228 
Connecting-rods, 263 

^ Sisson’s, 271 

Corliss engine, 331 

, performance of, 345 

, trip gear, 334, 341 

valves, to set, 335 

Cornish cycle, 318 

Crank-pin, tangential pressures, 229 
Crank-shaft, turning effort in, 227 
Cranks, combination of, effect on twist- 
ing moment, 233 
Cross-heads, 259 

Curtis turbine, 408 , 

Curves, adiabatic, 39 

, constant- volume, 45 . 

, hyperbolic, 39 • 

of steam-consumption, 314 

, saturation, 39 

Cylinder liners, 253 ■ 

patterns, 253- 

Cylinders, 252 

— ^ — , internal surface of, 164 

D, . . 

Davey on steam-engine performance, 317 
Be l.aval turbine, 405 
•Dewxance on bearings, 271 
Diagram factors, 136 
Drummond on high pressures in loco- 
motives, 307 
Dry-steam fraction, 115 

E. 

Eccentric, 65 

Economical load, the most, 313 
Efficiency, 2, 275 

-, mechanical, 275 

of steam in turbines, 439 

, thermal, report of Committee Inst. 

O.E., 300 
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Ejector condenser, the, 186 
Electrical units, 2 
Engine frames, 274 
Entropy, 41 

cliart, Plate I. 

, table of, 458 

Equivalent eccentric, 81 
Evaporation, equivalent, 33 
Evaporative condenser, the, 187 
Expansion, adiabatic, 13 

, isothermal, 12 

regulator, 79 

, useful limit of, 105 

valve gear, 76 

Meyer, 84 

F. 

Feed heating from receiver, 192 

water filters, 196 

heaters, 191 

Five-crank engine, 365 
Flywheels, 245 

, weight of, 246 

Frames of engines, 274 
Friction, 275 

, distribution of, 276 

in turbines, 443 

G. 

Gases, specific heat of, 10 

Goss on locomotive performance, 38§ 

Governors, 200 

H. 

Hartnell governor, 216 
Heat accumulator, 421 

, efficiency of, 23 

energy areas, 15 

exchange areas, 123 

Hirn’s analysis, 120 
Horse-power, definition of, 2 

I. - 

Impulse turbines, 405 

Inchmona’s engines, 365 

Increase of initial steam-pressures, 306 

Independent condenser, 184 

Indicated horse-power, 2, 106 

Indicator, the, 90 

diagrams, 98, 134 

, correction for inertia, 237, 

243 

, reducing motions, 95 

Inertia, definition of, 237 

, eifects on crank effort, 239 

, balancing effects, 277 

Initial condensation, 111, 168 


I Injector, the, 172 

, efficiency of, 176 

, automatic, 177 

Internal energy, 9 
Isothermal expansion, 12 

J. 

Jacket. Steam-jacket 

Jonle’s law, 9 

Joy’s valve-gear, 374, 377 

! k:* 

Kershaw’s acceleration curve, 285 
Kinetic head, 389 

Klein’s diagram of acceleration, 283 

L. 

Labyrinth glands, 419 
Lap of valve, 60 
Latent heat, 28 
Lead of valve, 60 
Liners of cylinders, 253 
link motion, 77, 376 
Load factor, 316 

, rated, 315 

Locomotive, the, 368 

, compound, 382 

Logarithms, hyperbolic, 422 
Lubrication, Dewrance on, 271 

in turbines, 449 

Lubricator, sight-feed, 198 

M. 

Marine engines, 363 
Mean pressure, 107, 136 

indicator, 451 

ratios, 457 

Mechanical efficiency, 275 
Metallic gland-packing, 255 
Meyer expansion valve, 84 
Mill engines, 363 
Mollier diagram, 422 

N. 

Napier’s formula, 174, 397 

, proof of, 397 

. Nozzles for turbines, 396 
Nozzle design, 399 

P. 

Parsons’ steam turbine, 410 
Patterns for cylinders, 235 
Peaohe engine, 351 

Performance of steam-engines, 300, 345, 
366, 380 
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Pickering governor, 218 
Piston-vaives, 256 

velocities, 227 

Pistons, 256 

Power, definition of, 2 

Pressure head, 389 

Pressures, increase of, on the, 306 

Proell governor, 217 

valve gear, 329 


Q. 

Quality of steam, 110 
Questions, 459 

Quick-revolution engines, 348 


R. 

Rankine cycle, 58 
Rated load, 315 

Reciprocating parts, acceleration of, 238 
Reducing valves, reduction of pressure 
by, 308 

Re-evaporation, 112 
Regulator valve, 378 
Rouleaux diagrams, 71, 88 
Reversibility, 22 

Rigg, testa of Westinghouse engine, 316 
Ripper’s mean-pressure indicator, 417 
Rotation, effect of speed of, 317 


S. 

Safety-valve for locomotive, 378 
Saturated steam pressure and tempe- 
rature, 26 

Saturation curve applied to indicator 
diagram, 116 

Scott-King design for high-speed engines, 
3o7 

Separator, the, 111 
Shaft governor, 218 
Short-stroke cylinder surface, 164 
Sight-feed lubricator, 198 
Single-acting engines, 348, 351 

and double-acting engines, stresses 

on pins, 361 

Sisson’s connecting-rod, 271 

engine, 360 

Slide-valve, 60 

=-, balanced, 63 

^ , double-ported, 62 

. , piston, 63 

Specific heat, definition of, 5 

of gases, 10 

Springs, 221 

Steam, condensation due to expansion 
of, 114 

, consumption curves of, 314 


Steam, density and volume of, 32 

, dryness tests for, 34 

engine performance, 300 

, flow of, 56 

, formulas for work done per pound, 

54 

jacket, 166 

pressure, increase of, 306 

, properties of, 25 

, specific heat of, 27 

, “'State point” of, 53 

, superheated, 146 

— r tables, 420 
— — , total heat of, 28 
, weight of, accounted for by indi- 
cator, 115 

, , used by the engine, 305 

Superheated steam, 146 

, efficiency of, 148 

, gain by, 151 

, lubrication with, 151 

, performance of, 317 

, regulation of, 162 

, specific heat of, 147 

, total heat of, 147 

, in turbines, 443 

Superheaters, 158 


T. 

Tangential pressure on crank, 229 
Temperature, absolute, 8 

, definition of, 6 

, mean, of cylinder walls, 113 

, range of, 113 

Temperature-entropy diagrams, 41, 118, 
148, 474 

, , api^lications of, 46 

Thermal efficiency of engines, 56 

injector, 176 

, report of Oemmittee of Inst. 

O.E., 300 

Thermal unit, British, 5 
Thermodynamics, first law of, 6 

of gases, 5 

, second law of, 7 

Thom on marine engines, 365 
Tractive force of locomotive, 879 
Train resistance, 379 
Turbine, Blading design, 423, 437 

, the De Laval, 405 

, Disc-Brum, 4 17 

, the Curtis, 408 

, Exhaust steam, 419 

, examples, 507 

, the Steam, 385 

, Parson’s steam, 410 

, the Westinghouse, 418 

Turning effort on crankshaft, 227 
Twisting moment, 230 
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U. 

Unit of heat, definition of, 5 
work, 1 

V. 

Vacuum augmenter, 444 

in turbines, 444 

gauge, 183 

Valve diagram, ellipse, 73 

, Reech, 71 

, Reuleaux, 71 

, Zeuner, 67 

Valve displacement, 66 

gear, 329 

gears, expansion, 76 

Valves, double-beat, 324 
Vanes, action of jet upon, 385 
Velocities, piston, 227 

, diagrams of, 393, 397, 401, 404, 

427, 432, 436 
, steam, 389 


Vibration in turbines, 449 
Volume, pressure, and temperature, re- 
lation between, 14 

W. 

Walscbaert valve gear, 485 
Water, volume per pound, 25 

, specific heat of, 27 

Westinghouse engine, results of trials, 
316 

Westinghouse turbine, 418 
Willans engine, 349 

straight line law, 309 

Winding engine, 347 
Work, definition of, 1 

, unit of, 1 

during expansion, 11 


Z. 

Zeuner, valve diagram, 67, 483 


THE END 
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